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ABSTRACT

This dissertation study is dedicated to constructing theoretical design guidelines for highly
efficient singlet fission (SF) materials, focusing on the role of molecular aggregate structures in
determining the yield of correlated triplet pair (TT) states and spatiotemporal distribution of triplet
excitons following SF. The dissertation is divided into three parts. PART I introduces a
fundamental theoretical framework for treating the excited electronic states in SF dye molecular
aggregate systems and the computational and analytical methods for modeling the exciton
dynamics, considering the vibronic coupling. Electronic couplings related to the triplet-triplet
exciton transfer (TTET) coupling are also introduced. In PART II, we explore the structure—SF
property relationships in ring-shaped pentacene molecular aggregates to establish design
guidelines for efficient TT generation. This part is composed of two chapters. In Chapter I1.1, we
focus on J- and H-type ring aggregate models, where the transition dipole moments of constituent
molecules align tangentially and perpendicularly to the ring, respectively. Quantum dynamics
simulation revealed that the TT generation rate decreases while the TT yield increases with the
number of molecules N. The dynamics in the H-type ring aggregates show an interesting odd-
even behavior due to the symmetry of the excited states. This phenomenon is explained through
a combination of the group theoretical and relative relaxation factor (RRF) analyses. In Chapter
I1.2, we attempted to construct symmetry-based design guidelines for efficient SF by rotating
individual pentacene molecules along the long axis in the H-ring system to lower the structural
symmetry from Du; to Cni. We examine the relationships between the rotation angle and TT pair
generation rate and yield. Analysis based on the perturbation approach has revealed that lowering
the structural symmetry contributes to stabilizing one of the two equivalent charge transfer states
and enhancing the SF rate without reducing the TT yield. The findings in PART II provide a novel
insight into the micro-to-mesoscale structural factors for designing highly efficient SF systems.
PART III investigates the SF process in molecular aggregates consisting of two different
molecular species, aiming to establish guidelines to control the spatial distribution of TT pairs.
Symmetric heterotrimer models are constructed with unsubstituted or 6,13-substituted pentacenes
and how the combination of molecular species affects the electronic states, electronic couplings,
and SF dynamics. We identify conditions for balancing the high-TT yield and directional TT pair
migration by optimizing molecular combination and intermolecular distances. This dissertation
identifies key factors of aggregate structures that govern the SF process and are useful as novel
descriptors for the efficient formation of TT pairs. These results not only deepen our
understanding of SF phenomena but also pave the way for the development of quantum functional

materials and their applications involving various exciton processes in condensed phases.
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PREFACE

Over the past decades, researchers have experimentally and theoretically established fundamental
principles and methodologies to analyze dynamic physical and chemical phenomena on various
spatial and temporal scales of matter as a medium for energy and information. Specifically,
microscopic quantum mechanical processes of molecular materials have gained significant attention
for their potential to explore their unique and valuable functions, like conversion and storage of
energy and information, quantum sensing, and computing operations. This motivation has driven
recent studies on singlet fission (SF) dynamics since SF can be utilized for applications in organic
solar cells and quintet spin generators for dynamic nuclear polarization. In pursuing theoretical
studies on SF dynamics, I would like to contribute to establishing a needs-driven material design
tailored to specific applications for the conversion and storage of energy and information. I became
strongly aware of the importance of identifying the key factors governing the SF process in
molecular aggregates: The yield and generation rate of correlated triplet pairs (TT; the energy and
information carrier in SF), as well as their efficient spatiotemporal separation, should be maximized
and optimized based on the key factors governing the SF process.

A key phrase, “the structure—SF property relationships,” appears repeatedly throughout the
dissertation study. This theme presents a challenging problem, as it involves a complex
entanglement of various factors, including the constituent molecular species, electronic states,
several kinds of interactions, relative intermolecular configuration, and overall topology of the
aggregate systems: These factors are linked with each other and influence the resulting dynamic
physical phenomena. To address this issue, establishing an effective and practical theoretical model
allows me to unentangle the complicated relations between them. I believe that this dissertation work
will inspire many researchers by offering novel perspectives on the theoretical design of materials
based on exciton dynamics, spanning from the microscopic to mesoscale levels.

This dissertation study was carried out under the supervision of Professor Dr. Masayoshi
Nakano and Professor Dr. Yasutaka Kitagawa at the Division of Chemical Engineering, Department
of Materials Engineering Science, Graduate School of Engineering Science, Osaka University, from

April 2020 to March 2025. I dedicate this dissertation to the late Professor Dr. Masayoshi Nakano.

Hajime MIYAMOTO

Division of Chemical Engineering,

Department of Materials Engineering Science,

Graduate School of Engineering Science, Osaka University

March 2025
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GENERAL INTRODUCTION

1. Exciton Process and Application

Exploring new properties and functions of materials induced by light-matter interactions has
become an important subject from the perspective of realizing sustainable development and
advanced information society. Irradiation of molecular materials with light at wavelengths in the
ultraviolet-visible (UV-vis) region usually causes electronic excitation, which consists of
transitions from occupied orbital levels to virtual orbital levels, resulting in the generation of
electron-hole pairs. The electron-hole pairs bound by Coulomb interaction behave like quantum
mechanical particles and acts as energy carriers in the material. Such quasi-particles (elementary
excitations) are called excifons. Excitons appear in various natural phenomena and plays
important roles in condensed matter physics, photochemistry, biophysics, and information science.
Understanding and controlling phenomena involving excitons is crucial for the development of
various technologies: light absorption and emission processes, photoelectric conversion devices
like organic solar cells (OSCs) and organic light emitting diodes (OLEDs), high efficiency
photocatalysis, and modern sensing and quantum information technologies utilizing transient
electronic and spin states.

These technologies utilize various exciton photophysical processes, such as intersystem
crossing and reverse intersystem crossing (ISC and rISC in Figure 1(a))', singlet fission and
triplet-triplet annihilation (SF and TTA in Figure 1(b))*¢, and the formation of excimers or
exciplexes (in Figure 1(c))’. Spin conversion, multi-exciton-generation (MEG), and charge
transfer between molecules are unique features of these processes and key factors for developing
modern photochemical and photophysical devices.

Comprehensive understanding of the correlation between aggregate structures and exciton
dynamics is indispensable for establishing these exciton-based technologies. Excitons appear in
condensed phases, such as crystalline systems and biological systems. For example, the light-
harvesting antenna complexes (LHCs) in plants and photosynthetic bacteria are known to consist
of chromophores in a well-aligned cyclic aggregation structure surrounded by protein
environment.®'® Such a structural feature is crucial in collecting and utilizing the absorbed photon
energies efficiently. Directional exciton migration from the chromophores to the reactive center
is highly controlled even in such complex systems. The spatio-temporal evolution of excitons, i.e.,
the exciton dynamics are greatly influenced by the molecular species, intermolecular interactions,

aggregate structures, and nuclear motions including atomic/molecular vibrations. Unraveling the



correlations among these key factors in the exciton processes will lead to the discovery of new
functional materials, the establishment of rational design principles, and exploration of new
frontiers in science and engineering.

Here, we focus on the singlet fission (SF) process, where one singlet exciton splits into two
triplet excitons in molecular aggregate systems. As will be discussed later, the transient exciton
states produced by the SF process, called correlated triplet exciton pair (TT), have attractive
properties for constructing novel device materials. Recent progress in theory and experiment for
SF has revealed the effects of molecular species, intermolecular interactions, and nuclear motions
on the efficiency of SF (rates and yields of triplet exciton generation) at the monomer and dimer
levels. It is necessary to obtain design guidelines for aggregate structures that consider not only
the efficient exciton generations but also the controlled directional triplet exciton migrations.

This dissertation work aims to:
1. Clarify the effects of the molecular aggregate topology (the presence/absence of edge, the
structural symmetry) on the exciton dynamics.
2. Construct the novel design guidelines for efficient SF systems based on the molecular
aggregate structure considering the generation and spatial separation processes of TT.
The outcome of this work will contribute to bridging the gap between the bottom-up and top-
down approaches for materials design of SF systems and help establish rational design strategies
that satisfy the required conditions for efficient generation and directional migrations of TT.
The following sections introduce the background of research on SF and the position of

this dissertation within that context.
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Figure 1 Schematic illustration of exciton processes and their application to photo-electronics.



2. Singlet Fission

Singlet fission (SF) is a MEG process converting a singlet exciton (S) into two triplet excitons
(2T)). In this process the energy of S; state is shared with the neighboring ground state molecule
(So) resulting in two T; excitons with half the energy of S; exciton as shown in Figure 2. SF is
described by the forward process in the following most simplified kinetic equation®*:
S;2(Mza2YT-THaT+Ty (1.1)
The initial process in eq. (1.1) includes the generation of the correlated triplet pair states ['(TT)
denoted as TT]. Since the '(TT) state is overall singlet excited state in dimer system with spin-
correlation between two triplets, the initial process in eq. (1.1) is the spin-allowed process and is
known to occur within fs — ps timescales. The second process in eq. (1.1) is called the TT
dissociation process, where the correlated triplet pair is spatially separated by the triplet-triplet
exciton transfer (TTET) between neighboring molecules. Electronic coupling between the triplets
is lost by the separation except for the exchange coupling which preserves the spin-entanglement
and the singlet TT state 1(T -+ T) is maintained during the separation. The last process is the spin
decoherence of TT states, leading to the individual triplets (T; + T;). Because various spin states,
including totally triplet and quintet TT pairs denoted as *(TT) and °(TT), are involved in the spin-
decoherence process, this process is much slower than TT generation and the spatial separation

process (ns — us) .

+—= 4+ — —
| o ——
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trplet-triplet

TT generation exciton
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s, S, (TT) T, So S, T,
Figure 2. Concepts of SF

The interesting features of SF, such as the generation of two excitons from a single
photon and the spin-entanglement of the transient TT state, have attracted many researchers’
attention from the viewpoint of creating photo-functional materials that are necessary to realize

sustainable development and advanced information society. A brief history of SF in this



perspective is explained in the next section. Generally, a T; state has a longer lifetime than a S;
state due to the spin-forbidden process of nonradiative decay. In 2006, Hanna and Nozik proposed
a potential application of the SF to the exciton carrier multiplication and improvement in
photoelectronic conversion efficiency in OSCs.'? In 2023, Kawashima et al. pointed out that the
high-spin states generated during the SF process, such as the °(TT), can be utilized to enhance the
sensitivity of nuclear magnetic resonance (NMR) spectroscopy in combination with the dynamic
nuclear polarization (DNP) technique."® We here should note that the SF is defined as the overall
three processes given in eq. (1.1), including the spin decoherence process. However, the spin
decoherence process is usually much slower than the spatial separation in molecular aggregate
systems. Therefore, in this dissertation, we focus on the first two processes, the generation of

'(TT) and their spatial separation, unless otherwise noted.

3. History and Observation of SF Process

In this section, we briefly review the history and experimental observation of SF. SF has a long
history of over 60 years. The first discovery of SF was in 1963 when Singh et al. observed a dark
state quantum yield in anthracene crystals which did not appear in free anthracene molecules (n
=1 of compound 1 in Table 1.)."* The fundamental mechanism of SF was proposed in 1960s to
explain the low fluorescence quantum yields observed in tetracene crystals (z = 2 of compound 1
in Table 1.)."* In 1970s, several theoretical models were constructed to explain the fluorescence
changes under an external magnetic field.'' Kinetic models were constructed by Johnson and
Merrifield and improved by Suna to include the triplet diffusion process.'®?**' These simple
models achieved success at the initial stage of theoretical studies. Further progress in more
detailed theoretical analysis had to await the development of modern quantum chemical
calculation programs. After that, research on SF becomes inactive until 2000s. Progress during
the period is observation of SF in carotenoid system (Rademaker et al.),” conjugated polymer
(Austin et al.),® and pentacene (n = 3 of compound 1 in Figure 3. Jundt et al.).** Today, pentacene
is widely recognized as the most typical SF chromophore.

SF regained attention after 2006 when Hanna and Nozik pointed out in their theoretical
model study that MEG processes like SF could be applied to improve the photoelectronic
conversion efficiency of OSCs.'? They showed that energy losses due to the absorption with
excess energy over the band gap in conventional OSCs are improved by using SF materials. In
2010, Rao et al. experimentally examined triplet generation and photo-currency of the
pentacene/Cy interface.”> They revealed that SF occurs in the timescale of approximately sub-
200 fs on the p-type donor layer, followed by the separation and charge formation occurring over

about 2-10 ns. Additionally, theoretical simulation studies on the improvement of interface



structures have begun.

The progress on SF research in the direction of molecular design owes to the pioneering
theoretical work of Smith and Michl. They summarized this topic in review papers published in
2010 and 2013.%* After the pioneering work by Michl et al., a lot of theoretical and experimental
investigation have been conducted to propose candidate molecules exhibiting SF efficiently
(hereafter, we call them SF molecules): Polyaromatic hydrocarbons (PAH) and related

2829 and diradical molecules,

compounds, such as rylenes (2)*’ and their diimide derivatives (3),
such as zethrenes (4),%° 1,3-diphenylisobenzofurane (5),*' diketopyrrolopyrroles (6),** and 9,9’-
bifluorenylidene (BFN) (7).** In addition, theoretical studies simulating the quantum dynamics of

SF process (SF dynamics) have also been conducted.***°

These advanced computational
simulations have contributed to establishing design guidelines for SF molecules and clarifying

the several key factors of controlling the SF dynamics: Electronic coupling’*° and vibronic

coupling™ ™ originating from m-orbital overlap and electron-nuclear motion interaction,
respectively.
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Figure 3. Candidates of SF molecules

In the community of SF research, the ultrafast time-resolved transient absorption (TR-
TA) spectroscopy including femtosecond TA (fsTA)*'*? and the time-resolved electron spin
resonance (TR-ESR)*™ are powerful experimental techniques to directly observe the individual
elementary steps of SF process including TT formation. Figure 4 schematically illustrates the
concept of TR-TA spectroscopy. First, a pump laser is irradiated on a sample to create So — S

excitations. Then, the formation and decay processes of bright and dark excited state populations



as transient species are monitored by irradiating a time-delayed probe pulse and analyzing the
transient absorption (or transmission) spectra with different delay times. In general, the TR-TA
line-shapes consist of the signals from many transient species. The time evolutions of peak
positions and intensities are analyzed, and important species are assumed to construct the kinetic
models. Recently, the timescales of TT generation and spatial TT dissociation in SF crystals are
estimated as a few hundred femtoseconds and few picoseconds by analyzing the peaks
corresponding to '(TT) and '(T...T).”

ump pulse
(a) pump p
probe pulse
.
I I—
, Sample
Delay time t P
TT, T, o
(b) s, Y ? I Excitation by pump pulse
ks 4 f 4 A
H H diss 4 H :
S, —% T 4 C E Py : : Absorption by probe pulse
: (TT
krra (TT) ‘\lc,j T l Emission by probe pulse

So

Figure 4. (a) Concepts of TR-TA and (b) kinetic model during TR-TA measurements of SF.

Over the past decade, significant progress has been made in research on the formation
mechanisms and control of correlated triplet pair states in SF. This is mainly due to the recent
rapid progress in quantum information science and technology, which has attracted attention and
broad interest in phenomena related to quantum entanglement in material systems. During the SF
process, spin-entangled states in organic molecular aggregate systems, such as the totally singlet
'(TT) and quintet states °(TT), are transiently formed. Although the possibility of generating °(TT)

1,* their direct observation was

states in the SF process was suggested by Merrifield et al. in 197
first reported in 2017 by Tayebjee et al. using TR-ESR spectroscopy.** Subsequently, Nagashima
et al. proposed a widely accepted mechanism: the spatial separation of '(TT) leading to the
populations of *(T...T) states followed by the formation of completely independent triplets.*
Furthermore, a study on intramolecular SF systems (covalently linked systems of SF molecules)
has demonstrated that the frequency of bond rotation after TT formation affects the spin
decoherence process.*” These observations have clarified that the timescale of spin-decoherence
(about ns—ys) is much slower than the formation of '(T...T) process (about ps). Still, our current

understanding of the SF dynamics remains insufficient from the viewpoint of controlling the



spatio-temporal evolution of triplet excitons and spin decoherence process, which are essential
for the further development of SF applications in the direction of quantum information science

and technology.

4. Application of SF

4.1. Organic Solar Cells (OSCs) and SF

Let us explain the mechanism of producing current in organic solar cells (OSCs) and why the SF-

based OSCs have a potential to convert photoexcitation energy more efficiently than single p—n
junction solar cells. Figure 5 illustrates the device structure of single p—n junction OSCs. In
general, OSC devices consist of a donor layer (p-type semiconductors), an acceptor layer (n-type
semiconductors), and electrodes (anodes and cathodes). As shown in Figure 5, the generation of

photo-current is divided into the following four steps:

1) Photo-absorption: Single exciton is generated from single photon.
(i1) Exciton migration: The excitons migrate in the donor layer to reach the donor/acceptor
interface.

(iii) Charge separation: At the donor/acceptor interface, an electron in the conduction band or
LUMO of dye molecule is transferred from the donor to the acceptor layer, resulting in
the spatial separation of a hole and an electron.

(iv) Charge migration: The holes and electrons migrate from the interface to reach the
electrodes.

The power conversion efficiency (PCE) of OSCs is defined as the product of the energy efficiency

at each step (i)—(iv). The theoretical limit of PCE of single junction OSCs is estimated as 31 %,

known as Shockley—Queisser limit (SQ-limit).**
According to the pioneering work by Hanna and Nozik in 2006, there are the following
four factors contributing to the energy loss in conventional OSCs'?:

(1) Incomplete photo-absorption: Photons with energy below the band gap energy Eg,, are not

absorbed.

(2) Thermalization (carrier cooling): The excess energy of photons with energy above Eg,p, is

typically lost as heat.

(3) Thermodynamic loss: The available energy (Gibbs free energy or chemical potential) of the

thermalized excited states is always less than their initial energy.

(4) Radiative recombination: The electron and hole of an exciton recombine radiatively with a

certain probability, returning to the ground state.

OSCs utilizing MEG process, including SF, are expected to overcome the SQ-limit by doubling

the number of carrier excitons. This is considered as a key concept for the third-generation solar



cell. The MEG process in SF mitigates the energy losses due to carrier cooling process by utilizing
the excess photon energy, which is greater than twice the bandgap energy, 2Eq,p,, to generate
another triplet exciton. Moreover, since the recombination process of triplet excitons is spin-
forbidden, their lifetimes are significantly extended, increasing the probability of excitons
reaching the p-n interface. Although the MEG process is also observed in inorganic materials,
such as quantum dots (QDs), SF-based OSCs have an advantage due to the significantly longer
lifetimes of carrier excitons (on the order of ps). In contrast, excitons in inorganic materials
typically decay within ~10 ps by Auger recombination.*’ This longer exciton lifetime in SF-based
systems enhances the probability of efficient charge separation and migration. It has been
estimated that the theoretical limit of PCE in SF-based OSCs could exceed 40 % by surpassing
the SQ-limit."

After the pioneering remarks by Hanna and Nozik, the first SF-based solar cell was
reported by Yoo and coworkers. They found that a device consisting of pentacene (donor) and
fullerenes (acceptor) exhibited external quantum efficiency (EQE) up to 69 % and PCE up to
1.8+0.2 %.%° The SF-based OSCs with EQEs over 100 % have been achieved by Baldo et al. They
could increase the EQEs in pentacene/Cgo OSCs up to 145+7 %.”' Moreover, Kawata et al.
reported a SF-based OSC device with 4.9 % PCE, which is constructed by a 9,9’-bifluorenylidene
(BFN) derivative as a SF material.*® Still, the PCE values in SF-based OSCs are much lower than
the conventional champion data (19.47 % PCE with devices based on PM6/BTP-eC9).% Thus,
further improvement in the PCE of SF-based OSCs is required by optimization of the entire

process, including TT generation, TT migration, and current generation process.
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Figure 5. Device structure of (single-junction) organic solar cells



4.2. Quantum Spin Information Technologies

Recently, quantum information technology has gained much interest from the viewpoint of its
application to various fields, such as physics, chemistry, and biology. In this dissertation, quantum
information technology is defined as logical operations or measurement techniques with
unconventional mechanisms utilizing phenomena unique to quantum systems, such as coherence
or entanglement. Since these properties of quantum systems are easily disturbed and collapsed by
thermal fluctuations, their experimental realization is challenging. As we mentioned before, the
correlated triplet pair states are regarded as spin-entangled states generated in organic materials
even at the room temperature. Therefore, its application to the quantum spin technology is one of
the central topics in the research community of SF.

As shown in Figure 6, the TT states are described as state vectors in the direct product
space consisting of three states, T+, To, and T- states, for each triplet exciton. There are totally
nine eigenstates satisfying spin symmetry for singlet '(TT), triplet *(TT), and quintet >(TT) states.
As Merrifield has proposed, fine-structure interactions combine the '(TT) with the °(TT)o, and the
TT states with quintet characters are initially generated during the dephasing of '(TT). It is
expected that, owing to the entangled nature of such triplet pairs, the ideal observation of spin
state of one triplet can determine the spin state of the other triplet. These intermediate spin-
entangled states of SF are potentially utilized for applications to the quantum spin information
technology, such as quantum computing. However, the logical operations with quantum gate on
the TT states have still been limited because of the technical bottleneck in tracking the spatial

distribution and operating the spin states of individual triplet excitons independently.
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Figure 6. Spin structures of triplet (left) and correlated triplet pair (TT) states (right).

In the following part of this section, we explain the mechanism of dynamics nuclear

polarization (DNP) induced by SF, as an example of application of SF to quantum information



technology. DNP is a phenomenon firstly suggested by Overhauser”™ and was experimentally

demonstrated by Carver and Slichter’ in the 1950s. DNP transfers the spin polarization of

unpaired electron to nuclear spins under electron spins interacting with external microwaves.

Since the gyromagnetic ratios between electron spins (¥, ) and nuclear spins (yy for 'H and y for

BC) are ¥, /¥ ~ 660 and ¥, /yc ~ 2640, DNP can potentially improve the sensitivities of NMR

and MRI signals.”

In early studies on DNP, the cryogenic temperature condition (~1 K) and high magnetic
field (~7 T) were used to achieve nuclear polarization ranging from a few percent to about 40 %.
This is because these techniques used electron spin polarization at thermal equilibrium and
Larmor frequency was lower than kgT (kp is Boltzmann constant and T is temperature).
Therefore, such conditions limit applications to the measurements in living organisms. On the
other hand, triplet DNP and SF-based DNP employ non-equilibrium polarization which allows
electrons to polarize nuclear spin even at room temperature and low magnetic fields.” This is
because their spin polarization processes are independent of the external magnetic field and
temperature. The triplet DNP was first reported by Deimling et al. in 1980.% The operations in
the triplet and SF-based DNP are summarized in Figure 7 (a) and (b);

) Laser irradiation: Pulse laser is irradiated on a sample to generate excited states of
chromophore. Then, triplet excitons (or a quintet TT pair) are formed by spin conversion
process via ISC or SF.

(i1) Microwave irradiation: Microwave is irradiated to form a dressed state between the spin-
sublevel transition (To — Tx for triplets or °(TT)o — (TT).: for quintet TT pair) and a
microwave photon.

(iii) External magnetic field sweep: The spin polarization is transferred from electrons to nuclear
spins for the resonance between electronic spin-microwave dressed state and nuclear
magnetic spin.

(iv) NMR measurement: After repeating the operation (i)-(iii), NMR measurement is conducted.

For example, Tateishi et al. reported a 'H polarization of 34 % at 0.4 T under room
temperature using deuterated p-terphenyl single crystals doped with deuterated pentacene.’’ For
the SF-based DNP, Kawashima et al. recently achieved DNP of water glycerol mixtures using
spin-polarized quintet states derived from SF. They examined DNP in sodium 4,4’-(pentacene-
6,13-diyl) dibenzoate (NaPDBA), which is pentacene derivative soluble in water, and their 2:2
inclusion supramolecular complex with y-cyclodextrin (yCD) as spin-polarizer.'* They clarified
that hyperpolarization of water using the spin-polarized quintet TT pair enhance 'H NMR signal
by 20 times in NaPDBA and 6.5 times in YCD-NaPDBA at 100 K and 0.6 T. As we mentioned
before, in the SF-based DNP, the quintet state °(TT)o is generated at first during spin-decoherence

process after TT generation (Figure 7 (b)). Rabi frequency in the transition between spin sublevel

10



mg — mg is proportional to (S, mg|S,|S, mg) = \/ S(S + 1) — mgmg. Therefore, Rabi frequency
of the >(TT)o — *(TT).; transitions is V3 times larger than that of the To — T. transitions. This
feature can have the beneficial result of reducing the optimal microwave power by 1/v3
compared to To — T transitions. It is important to prevent spin relaxation of °(TT) state to design
the SF systems applicable to the SF-based DNP.
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Figure 7. (a) Operation applied to the SF-based DNP systems and (b) mechanism of

hyperpolarization induced by SF.

5. Key Factors Governing Singlet Fission Process

Recent development in theoretical and experimental investigation on SF enabled us to extract the
relationships between the microscopic structures and SF dynamics. There are three key factors
governing the SF process in aggregate systems®®: (i) emergy matching condition, (ii) electronic
coupling, and (iii) exciton dynamics at the level ranging from monomer to multimer structures.
Exploration of highly efficient SF materials typically proceeds by considering the hierarchy of these
three steps (a bottom-up approach shown in Figure 8). In this bottom-up approach, the S; and T;
excitation energies at the monomer level are firstly examined to narrow down a list of SF candidate
molecules. Then, effects of several important interactions, i.e., intermolecular electronic interactions
(called electronic coupling) and vibronic coupling on the SF dynamics must be considered as the
system size increase from dimers to multimers, and as the properties be examined expand from static
to dynamic. We have to obtain the comprehensive design guidelines for efficient SF systems by
evaluating the TT generation rate (called SF rate), TT yield, and triplet spatial migration dynamics and
then combing the knowledge obtained at each step.

On the other hand, establishing a top-down or needs-driven approach shown in Figure 8 is
also necessary if one attempts to design an entire SF system suitable for a target application. The yield
and spetio-temporal dynamics of TT pair depend on the energy matching conditions of adiabatic states
(the eigenstates of exciton model Hamiltonian). At the molecular aggregate level, the energy matching

conditions should be determined by the intermolecular m-orbital overlaps and aggregation topology,
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as well as the relative energy levels of the So and T, states of monomers. We here introduce these

important key factors in details.

Energy matching Electronic coupling Exciton Dynamics
monomer * Es, =2Er,, Ev, =2 2Er, « Intramolecular
+ Diradical character y~0.2 o”%; vibronic coupling
¢,
© %
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dimer "% ; « Intermolecular
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&, vibronic coupling
2,
0,0
. + SF rate
fm—— v Adiabatic Energy matching ~ * Polar environment . TTyield
for SF and TT migration v Aggregation topology « Directional triplet
migration

Figure 8. Key factors and bottom-up/top-down approaches for efficent SF material design.

5.1 Energy-Level Matching Conditions

Not all molecules exhibit efficient SF. The fundamental requirement for efficient SF chromophore
proposed by Michl et al. indicates that the excitation energy of S; should be higher than or equal
to twice that of Ti:

AEsg = Es, — 2E7, =0 (1.2)
where Eg and Er, is excitation energies of singlet and triplet excitons. This equation represents
the iso- and exothermal energetical condition for SF, assuming that the final double triplets are
sufficiently separated so that the interaction between them can be neglected. As the AEsg indicates
the energy loss during the SF, systems with a small AEgg and high Et are favorable for the
application to the OSC devices.* It is important to keep in mind that another energy matching
condition (AEye. = Et, ., — 2E7,) should also be satisfied to prevent a competing decay path: the
triplet recombination resulting in monomeric triplet states with higher energies T,,»,. However,
the first condition (1.2) is more fundamental because the second condition is usually satisfied for
typical SF molecules.

Typical organic molecules have a negative AEgg because of a relatively small S;-T,
energy splitting compared to the average of S| and T, excitation energies. Increasing the exchange
integral between the HOMO and LUMO (denoted as Ky;,) and decreasing the HOMO-LUMO
energy gap are strategies to satisfy the condition (1.2). A pioneering research by computational
screening was conducted by Michl et al. They evaluated the condition for 69 SF candidate

molecules and concluded that (i) alternant hydrocarbons and (ii) diradicaloids are suitable for SF
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molecules.* For alternant hydrocarbon, the S;-T; energy splitting is approximately described as

twice the exchange integral (= 2Kyy,). Ky, is defined as follows:

Ke, = j A1y (r)du (r)r3 b (r2) b (r2) (13)

where ¢y (1) and ¢y, (r) are the HOMO and LUMO of a SF candidate molecule and 1y, = |1y —
15| is the distance between the positions of electrons 1 and 2. From this definition, Ky, becomes
large when the spatial distributions of HOMO and LUMO are similar, i.e., the spatial overlap
between the HOMO and LUMO is large. Alternant hydrocarbons usually satisfy this requirement.

Diradicaloids are diradical-like species. In disjoint diradicals, two unpaired electrons
are localized on two radical sites in a chromophore, and two singly occupied molecular orbitals
(SOMOs) are degenerated. In diradicaloids, two radical electrons interact with each other, and the
HOMO-LUMO energy gap becomes large. To meet the condition (1.2), tuning the balance
between the magnitude of S; and T energies and their splitting is necessary. This corresponds to
optimizing the HOMO-LUMO energy gap by tuning the interactions between radicals®**’.

The relationships between the molecular structure and excitation energies can be
understood in terms of the degree of open-shell (open-shell character). Open-shell character of a
molecule can be evaluated by a theoretical index, diradical character (y) defined for the S ground
state. After the remark on diradicaloid by Michl, Minami and Nakano proposed a y-based
interpretation for the energy matching conditions.’®®' The value of y corresponds to half the
(effective) number of unpaired electrons and it describes the weakness of a chemical bonding. In
the valence bond (VB) theory, the degree of a chemical bond is determined by the interactions
between the radical sites (described by the transfer integral and effective Coulomb repulsion).
The correlation among y, interaction between the radical sites, HOMO-LUMO energy gap and
occupation numbers of these MOs is simply explained in H, model as shown in Figure 9. At the
equilibrium geometry, H, molecule is in the closed-shell state (y = 0) as two electrons occupy
the HOMO. At the dissociation limit, the HOMO-LUMO energy gap becomes zero and the
occupation numbers of bonding (HOMO) and antibonding (LUMO) orbitals become 1, resulting
in two electrons are localized on each atom (y = 1). In between the limits, the open-shell
character is in the intermediate regime (0 < y < 1). Based on the energy matching conditions, it
has been clarified that typical SF molecules tend to have an intermediate y value ranging from
0.1 <y < 0.5.

Based on these strategy, various SF candidate molecules have been proposed by
evaluating y and excitation energies theoretically, followed by experimental examinations. In
alternant hydrocarbon, acene derivatives,®' terylene derivatives,*® and carotenoid.®* In diradical
molecules, 1,3-diphenylisobenzofuran,’® zethrene,* and tetracyanoquinodimethane bithiophene®,

BEN derivatives® have been examined from the viewpoint of the energy matching conditions.
p gy g
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Figure 9. Concept of diradical character.

5.2 Electronic Coupling

Since SF occurs in molecular aggregates consisting of two or more chromophores, the effect of
intermolecular interactions must be considered for optimizing SF rate and TT yield. The electronic
coupling, which is electronic interaction between the chromophores originating from the
intermolecular m-orbital overlap, is evaluated as the exciton or electron transfer integral in the
research community of SF. The main electronic states in the initial process of SF are the lowest
singlet state (S1So and SoS), totally singlet correlated triplet pair states ('TT), and charge transfer
states (CT).”® Figure 10 shows electron configurations for a neighboring dimer system
considering the HOMO and LUMO of each chromophore. The CT states are considered as
intermediate states of SF, which include the cation-anion (CA) and anion-cation (AC) pairs. Since
the magnitude of direct coupling connecting the initial and final states (S;-TT coupling)
represented by two-electron integrals is small, it is important to consider the stepwise interaction
paths via the CT states. This type of coupling is represented by one-electron transfer integrals,
Vij, where i and j denotes the HOMO(H) and/or the LUMO(L) of each monomer. The larger value
of V;; indicates the larger degree of mixing between the S;—CT and CT-TT states, which also
modulates the energies of adiabatic states (the eigenenergies of exciton model Hamiltonian for
multimers). Such modulations of excitation energies in aggregates influence the energy matching
conditions. Therefore, it is important to examine the SF rate and TT yield considering the
electronic couplings in molecular aggregates. Here, we explain the electronic structure of
aggregate systems by focusing on the characteristics of S;, CT, and TT states. Hereafter, we denote
the adiabatic states, primarily described by the FE, CT, TT, and (T...T) diabatic state bases, with
prime (‘) symbol, like FE’, CT’, TT’ and (T...T)’.
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Figure 10. Direct/indirect mechanism of SF.

5.2.1. S1 State (Frenkel Exciton; FE)
The lowest singlet state (S1) is called a Frenkel exciton (FE) state which is generated by the initial

photo-excitation. Optical excitations tend to delocalize over the aggregate systems owing to the
interaction between the transition dipoles of monomers, which is called FE coupling (denoted as Vey).
This kind of interaction results in the band-like exciton level structures called Davydov splitting.5¢ If
molecules form a so-called J-aggregate, where the transition dipoles are aligned in the head-to-tail
configuration, the photo-absorption band is red-shifted compared to that of the monomer. Conversely,
in the case of an H-aggregate where the transition dipoles are aligned in the head-to-head configuration,
the opposite trend of spectrum is observed (Figure 11). Since the Davydov splitting stabilize the

energy of the lowest S;-like adiabatic state in molecular aggregates, a larger Davydov splitting tends

to reduce the TT yield.
Monomer Dimer
J-aggregate H-aggregate
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Figure 11. Davydov splitting of S; exciton and schematic illustration of and J-/H- aggregates.
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5.2.2. Charge Transfer State (CT)

CT states are the excited states where an electron is transferred from one molecule to its

neighboring molecule. The role of the CT states in SF is a key to distinguish the CT-mediate SF
from the two-step SF mechanism (Figure 12).*%% To explain the difference between them, it
should be noted that the adiabatic states are described as superpositions of the Si, CT, and TT
states. The S; and TT states can mix with the CT states. The the CT-mediate and two-step SF
mechanisms are roughly classified by the energy ordering of Si- and TT-like adiabatic states
(denoted as S;’, TT’) and CT-like adiabatic states (CT’).

When the CT’ energy is higher than the S;” and TT’ energies, a transition path between the
adiabatic S;” and TT’ states via the one-step transition mainly contributes to SF. In this case, the
CT states mix with the S;” and TT’ states, which assists the formation of TT in a super-exchange
mechanism. This type of transition is known as a CT-mediate path, where “virtual” CT states
contribute to the transition between the adiabatic states. When the CT states combined with a non-
vanishing intermolecular coupling are energetically close to the S; and TT states, the CT states
mix with the S; and TT states. This induces a Davidov splitting for the S; state, extending the

exciton delocalization and lowering the energies of both the lowest S;” and TT states. Thus, it is

important to balance these stabilization energies of the S;” and TT’ for achieving a higher TT yield

| 4
r CT
‘- ' (CT-like adiabatic state)

in the aggregate systems.

(a) CT-mediate mechanism

Energy

(TT-like adiabatic state)

Energy
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+
\Q ) (_
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Two-step transition
Figure 12. Schematic illustration of CT mediate path and Two-step transition path.
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On the other hand, when the energies of CT’ adiabatic states are close to or lower than the
S1’ state, a sequential population transition from S;’ to TT” via CT’ occurs. This mechanism is
referred to as the two-step mechanism, where the exciton population migrates transiently to “real”
CT states, and then it reaches the TT states. In the dimer systems and molecular crystals consisting
of identical SF dye molecules, such as pentacenes, the CT state is higher than the S; and TT states,

and SF is expected to proceed by the CT-mediate mechanism.

5.2.3. Correlated Triplet Pair State (TT)

As we mentioned before, the TT state corresponds to a correlated pair of triplet excitons forming

an overall singlet state. We stress that the TT state couples to other electronic states, such as the
CT states. In the CT-mediate SF mechanism, a larger CT-TT coupling leads to a lower nearest-
neighboring TT-like adiabatic state and results in a higher TT yield. Moreover, a larger CT-TT
coupling enhances the mixing of CT and TT states, which increases the SF rate. Michl et al. have
clarified that this CT-TT coupling becomes larger in slip-stacked dimer structures than face-to-
face dimers for molecules with the D»;, symmetry like pentacene.”’” This is because the CT-TT
coupling depends on the transfer integrals between the HOMO and LUMO (Vg and V1) of each
molecule, which vanish in the latter structure (Figure 13) due to the symmetry reason.
Moreover, to discuss the spatial dissociation process of triplets after the TT formation, it is
necessary to consider the triplet-triplet exciton transfer (TTET) coupling. This also leads to the
delocalization of triplet excitons and Davydov splitting of the adiabatic TT’ states, in addition to
those in the FE states. From the viewpoint of TT separation or spatial control of TT distribution,
a larger CT-TT coupling stabilizes the nearest-neighboring TT-like adiabatic state and localizes
the TT exciton pair. On the contrary, a larger TTET coupling delocalizes or separates the triplet
exciton pairs. Since the energy gap, CT-TT coupling, and TTET coupling depend on the relative
intermolecular configurations in aggregates, it is important to balance or optimize their packing

structures.

face-to-face slip -stack

o0 98 %) g
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CT-TT Coupling
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exciton transfer
Coupling
(Vexs Vi VL, ) » X

Figure 13. Correlation between dimer configuration and electronic coupling
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5.3 Exciton Dynamics

In previous subsections, we have discussed the electronic states concerning the SF process.
However, when discussing the time evolution of exciton states (exciton dynamics), it is necessary
to consider the effect of interaction between the electronic states and nuclear motions, which is
called vibronic coupling (VC). The VC plays an important role not only in SF but also in various
non-equillibrium phenomena, such as exciton migration in photosynthetic systems and spin
relaxation dynamics.

In aggregate systems, vibrational modes contributing to the VC can be treated as a
phonon heat bath. When the electronic states were decoupled from the phonon bath, the (average)
energy of the system (electronic state) is conserved after the Franck-Condon excitation. Following
the principles of quantum mechanics, this results in a coherent time-evolution where the
populations of electronic states oscillate periodically with time (time-reversible dynamics). On
the other hand, in a more realistic situation, the electronic states and phonon bath are coupled.
The energy and (quasi-)particle exchanges between these subsystems lead to the time-irreversible
dynamics that will converge to a quasi-equilibrium state within a timescale of exciton relaxation
dynamics (typically, it is significantly faster than the non-radiative relaxation toward the grand
state). In this sense, the VC is considered as a driving force of the irreversible transitions between
the excited state.

For the theoretical simulation of SF dynamics considering the VC, we must go beyond
the Born—Oppenheimer approximation. Zimmermann first presented a quantum master equation
(QME) approach to obtain the time-evolution of S;, CT, and TT populations.***"**""* Berkelbach
3435 and Tempelaar et al.*”’>"”* overviewed the fundamental theory for treating the SF dynamics.
On the other hand, non-adiabatic molecular dynamics (NAMD) approaches have also been
developed based on the nuclear wave-packet dynamics considering the hopping between the
potential energy surfaces (PESs), such as the trajectory surface hopping (TSH),”* or the multi-
configurational time-dependent Hartree (MCTDH) method.***°

VC sometimes opens new relaxation pathways that were closed in view of the electronic
coupling. For example, Miyata et al. demonstrated that the VC originating from intermolecular
symmetry-breaking vibrational modes causes the main-contributing pathways between the S; and
TT states in the face-to-face stacked rubrene crystal although the CT-TT electronic coupling was

estimated to be zero from the transient absorption spectrum and quantum chemical calculation.”

6. Theoretical Design Based on Aggregate Structure

In previous sections, we briefly summarized backgrounds of SF, explaining research history,

related technologies for potential applications, and fundamental factors governing SF. Many

18



theoretical studies on SF have focused on the bottom-up approach based on the monomeric energy
matching condition, intermolecular relative configurations, and quantum dynamics considering
nuclear motions. These conventional theoretical works mainly deal with the neighboring dimer
structures embedded in crystal models or aggregate systems. However, because discussion on SF
must consider electron and exciton transfer couplings, the effect of exciton delocalization over
the aggregate system should be important. The degree of delocalization is also affected by the
number of constituent molecules (called aggregate size N) and the topology of aggregate systems.
Theoretical clarification of how these factors influence the SF dynamics, i.e., the SF rate, TT yield,
and TT spatial separation process, is necessary.

Moreover, recent progress in the synthetic chemistry has realized several
supramolecular aggregate structures with various topologies, such as finite-sized linear

677 ring-shaped aggregates,” and branched structure,” as well as the positional control

oligomers’
of SF dye molecules by covalent bonds (called intramolecular SF systems). For example, Kuroda
et al. have synthesized a ring-shaped acene trimer system connected by covalent linkers that
exhibited a high triplet quantum yield (ca. 180 %).”® Furthermore, several architectures
embedding SF dye molecules in covalent organic frameworks (COFs)® and metal organic
frameworks (MOFs)®! have been proposed. These unique structural topologies of molecular
aggregates would contribute to pioneering novel functionalities of SF materials and enhancing
the efficiency of existing SF-based technologies.

Theoretical research on the SF dynamics in aggregate systems with such unique
geometric features has often been conducted after the experimental discovery, limiting the
efficient exploration and design of new SF systems. It is efficient to establish a deductive approach
that reveals the influence of topological characteristics (e.g. symmetry) in some ideal aggregate
model systems on the SF dynamics by assuming the minimum necessary conditions. However,
theoretical work based on such a deductive approach remains limited despite its importance in
view of engineering and optimizing molecular aggregate structure for highly efficient SF. Next,

we introduce several ideal model systems considered in this dissertation.

Ring-shaped aqggreqate systems

Ring-shaped molecular aggregates possess a periodic (rotational) symmetry. Excitons in a ring-
shaped aggregate with no “edges” tend to delocalize over the entire aggregate system compared
to a finite linear aggregate system with edges. Ring-shaped aggregates of chromophores can be
found in photosynthetic light-harvesting antenna complexes that exhibit notable optical
responses®'°. Due to the exciton delocalization, the magnitude of transition dipole moments of a
ring-shaped aggregate system become larger than those of isolated molecules. Minami et al.

demonstrated that, when the transition dipole moments are oriented parallel to the ring, the
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rotational symmetry of ring-shaped aggregates allow them to couple to a circularly polarized
light®. Moreover, efficient separation of the TT exciton pair and suppression of the recombination
is expected in ring-shaped aggregates.® Such features are expected to highlight the unique optical
response properties in ring-shaped aggregates compared with linear aggregate systems, in
combination with the SF.

Nakano et al. constructed models employing parametrically fixed intermolecular
electronic couplings (obtained from dimer structure shown in Figure 14 (b)) and compared how
the number of molecules (aggregate size N) and the FE coupling affect the SF rates and TT yields
in both the linear and ring-shaped aggregate systems.”” They revealed that each aggregate
structure exhibits a peak of the SF rate at different N as shown in Figure 14 (c). The intermolecular
relative configuration depending on N also influenced the SF dynamics. In two types of aggregate
structures shown in Figure 15 (a) and (b), the relative orientation of adjacent molecules become
J- or H-aggregates as the N increases, which potentially changed the SF dynamics behavior of
these systems. This motivated us to discuss the size dependence of SF dynamics for J- and H-type
rings (described in Chapter II.1), and their intermediate structures (Figure 15 (c)) (in Chapter
I1.2). Through these simulations, we elucidate how the aggregation topology, intermolecular
interactions, and excited electronic states of ring-shaped aggregates influence the TT yield and

SF rate, which is crucial for a comprehensive understanding of the structure—SF dynamics

relationships.
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Figure 14. (a) Model structures in pentacene linear/ring shaped aggregate systems, (b) pentacene
dimer structure to obtain intermolecular electronic coupling, and (c) TT yield (left vertical axis) and
SF rate (right vertical axis) of SF rate in linear and ring-shaped aggregate system as functions of size

N of aggregate systems.
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Effective Adiabatic Enerqy Matching Condition for Various Aqqreqgate System

As we mentioned in Section 5.1, electronic couplings modulate the energies of initial and final
states. In some interacting aggregates, the TT generation process from the S; may become
endothermic even if the monomeric energy matching condition (1.2) is satisfied. It is important
to consider not only AEgg = Es, — 2Er, but also the influence of intermolecular interactions and
aggregate structures.

Furthermore, in molecular aggregate systems, such as crystals and covalently linked
oligomers, all the molecules are not arranged in a uniform manner. Instead, a non-uniform
arrangement may be preferred, incorporating various relative intermolecular configurations, such
as an alternating structure. However, it is difficult to discuss how such an inhomogeneous
structures influences the SF process even qualitatively. This difficulty arises because there are
various factors, including molecular aggregate topologies and intermolecular interaction the
excited electronic states in molecular aggregates, such as the extent of exciton
localization/delocalization and ordering of energy levels.

Therefore, it is both challenging and desirable to propose model equations that describe
the energy matching conditions for aggregate systems. We denote a condition corresponding to
(1.2) as AEgg, which can be expressed as a function of AEgg, coupling parameters and topology
of aggregate structure. Such a model would help easily identify the main contributors determining
the adiabatic state energies. Developing these model equations could provide valuable insights
for constructing a top-down design guideline (Figure 8), starting from the requirements imposed
by the SF process and guiding the selection of optimal molecular and molecular aggregate

structures.
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7. Theoretical Design of SF Materials showing Directional TT Migration

It is also important to control the spatial distribution of TT pair. From the viewpoints of preventing
the triplet annihilations due to recombination, the fast dissociation of TT pair is considered
preferable. However, the key factors and design guidelines for SF dynamics including TT
dissociation process have not been proposed yet. In this dissertation, we examined how to control
such directional triplet migrations by optimizing molecular aggregate structures.

To control the TT distribution after the SF, it is necessary to design aggregate structures
that contain substructures serving as triplet acceptors. In other words, energy gradients
corresponding to changes in spatial distribution of triplets should be prepared as shown in Figure
16 to ensure the TT pair migration to the acceptor sites. Two approaches can be considered:
Introducing a heterofission system and position dependent-intermolecular interactions. We here
focus on finite aggregate systems, since it would be difficult to control and detect the spatial
position of triplet excitons in the crystal phases where triplet excitons diffuse over by the hopping
TTET mechanism.

Triplet . Triplet
SF region
acceptor acceptor
region f \ region
S,

>
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Figure 16. Concept of SF materials with directional triplet migration.

The SF process which occurs between different molecular species is called heterofission.
Utilizing the heterofission is expected to broaden the optical absorption band and generate triplet
excitons on molecules that do not satisfy the energy matching condition for the homofission (SF
between the same molecular species) process. For example, Zeiser and coworkers have reported
that a covalently-linked heterofission systems consisting of tetracene and pentacene yields more

efficient TT generation than tetracene dimer systems.® This is because energetic disadvantage of
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SF in the tetracene dimer (AEgg = —180 meV) is relaxed to AEgg = —90 meV in the tetracene-
pentacene pair. This is interpreted that the exothermic SF energy matching condition of pentacene
drives the formation of triplet exciton on tetracene with higher energy. However, there has been
no systematic investigation of the possibility of using heterofission for controlling the spatial
distribution of triplet excitons.

We here consider symmetric homotrimer (Figure 17 (a)) and heterotrimer systems
(Figure 17 (b)). The former consists of identical three molecules Y and the latter consists of two
different molecular species, X and Y. In the homotrimer system, the triplet excitons are expected
to delocalize over the three molecules. In the heterotrimer system, when the exothermic condition
of both SF (AEgg > 0) and triplet migration from X to Y (AEprgr = E(TY) — E(T{) > 0, where
E(T{) and E(T}) denote the triplet excitation energy of molecules X and Y) is satisfied, two
triplets are expected to localize on X at the edge of trimer. Since different molecular species have
different frontier MO energies, the SF rate and TT yields are modulated due to the lower energies
of CT states. We must find an optimal combination of X and Y for which the large SF rate, high

TT yield, and efficient directional migration of triplet excitons can be obtained.
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Figure 17. Concepts of directional control of triplet exciton migration in heterotrimer systems.

The second strategy, introducing positionally dependent-intermolecular interactions,
can help localize excitons on a certain region of aggregate systems consisting of identical
molecules. As we mentioned in Section 5.2.3, a larger intermolecular exciton transfer coupling
leads to a larger Davydov splitting. Figure 18 illustrates the mechanism of localization of a triplet
exciton pair in the molecular aggregates where different types of molecular orientations are
introduced. Figure 18 (a) illustrates the situation where the exciton transfer coupling for the left
dimer part (Vsirong) is much larger than that for the right dimer part (Vyyeak). We can discuss the

energy levels and spatial distributions of exciton states by considering the electronic couplings
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step by step: (1) At first, the three energy levels of localized triplet exciton are degenerated before
considering the electronic couplings. (2) Then, the degeneracy is partly solved by considering
only Vsirong for the left dimer part. (3) After that, considering the Viyeax further modulates the
energy levels and wavefunctions. Consequently, the lowest exciton state in the final step (3) is
mainly contributed from the lowest states in the step (2) whose exciton wavefunction is localized
primarily on the left two molecules.

By utilizing this strategy, two triplet excitons of a linear aggregate system shown in
Figure 18 (b) in the lowest exciton state will localize at the edge of the aggregate systems. Namely,
the TT pair generated in the center region is expected to migrate and separate into the edge of
aggregate system. To date, no systematic investigation has been conducted to clarify the condition
for both efficient SF and TT dissociation in such a complex aggregate structure. The effective
model equations to estimate adiabatic energy matching condition discussed in Section 6 is

expected to be a powerful tool to obtain this condition.

(a) Single T, exciton (3)
... exciton density (2)
() i8Sy S() SeTy8p e, (1) SoSoT
: ~2Vstong .
& .. ’ & ’g" s
NG . & e f}{ & #
Vstrong‘ v s s ’

Localized exciton
distribution

(b) TT exciton pair

... Density of Left T,

-
’y ’i’/ ’31 localized to

~S5SeT1T1S4So

NET
localized to

’; - -
"}l’i’(& ~ T1S¢S0S0So T+

... Density of Right T,

Figure 18. Exciton localization in linear aggregates with position-dependent intermolecular couplings.
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8. Outline of this Dissertation

The objective of this dissertation is to clarify the relationships between the aggregation structure
and SF properties by examining the static properties (energy levels and electron couplings) and
dynamic behaviors (spatio-temporal evolution of excitons) in several aggregate models having
unique geometric features. We aim to develop theory and models for a top-down approach for
exploration of novel SF systems showing fast and high-yield SF, and well-controlled spatial
distributions of TT. Because the exciton dynamics of the SF process depends on the molecular
species, intermolecular configurations, and aggregation topologies, it is necessary to establish a
model-based approach to grasp the general trends of electronic structure and SF dynamics as a
function of these factors.

This dissertation consists of three parts: PART I — III. PART I describes the general
theory related to the SF dynamics. In Chapter I-1, we explain theoretical modeling of the main
electronic states concerning the SF in general aggregate systems and the vibronic coupling.
Chapter I-2 introduces the quantum master equation (QME) approach to simulate the SF dynamics
considering the vibronic coupling.

PART II describes the structure — SF dynamics relationships in several types of ring-
shaped aggregate systems, focusing on the TT yield and SF rate. In Chapter II-1, we focus on the
difference in the dynamics results between the J-type and H-type ring-shaped aggregate models
consisting of pentacene molecules. We have examined the SF rate and nearest-neighboring TT
yield as a function of the number of molecules, based on a group theoretical approach for treating
the symmetry of exciton states. In Chapter 1I-2, we demonstrate the effects of introducing a
symmetry-breaking in the ring-shaped aggregate systems on the SF rate and TT yield. We examine
how the structural symmetry-breaking affects the dynamics through the symmetry-breaking of
the CT states from the viewpoint of quantum interference effect. We conclude that the SF rate
becomes significantly fast up to tens of ps”, which is comparable to the SF rate in pentacene
herringbone crystal structure (ca. 13 ps™).

PART III describes the theoretical design for efficient TT generation and spatial TT
separation in linear aggregate systems. We propose optimal conditions for achieving such SF
properties in symmetric linear heterotrimer models composed of unsubstituted or 6,13-
disubstituted pentacene derivatives by focusing on the roles of asymmetric CT states for an
efficient heterofission process.

Throughout this dissertation, we clarify the structure—SF relationships in several
aggregate systems for further theoretical understanding of SF dynamics including TTET

dynamics, which help open novel quantum functionalities of SF materials.
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Chapter 1

Theoretical Approach to Singlet Fission Dynamics

From three key factors described in General Introduction, we introduce theoretical method to
conduct SF dynamics simulation in molecular aggregate systems. In this Chapter, we give brief
explanations of adiabatic states, diabatic exciton basis, and vibronic coupling. Section 1.1 explain
adiabatic and diabatic representation starting from the time-independent Schrodinger equation in
molecular aggregate systems. In the next Section 1.2, we obtain more detail formalisms of diabatic
exciton basis and electronic coupling in dimer substructure, which is proposed by Michl and
coworkers. In Section 1.3, we give the definition and calculation method of vibronic coupling
constant, which is required to model exciton—phonon coupling described in the following Chapter
2.
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1.1 Beyond Born-Oppenheimer Approximation

1.1.1 Adiabatic representation

In photophysical process with transition between different electronic excited state including SF,
it is necessary to discuss the non-equilibrium process. In this process, the time-evolution of
electronic state is affected by nuclear vibrational motion, which is called vibronic coupling. The
non-relativistic Hamiltonian of molecule or molecular aggregate in atomic unit (A = m, = e =
1) is written as'?

H@,R) = To(r) + Uee () + Tn(R) + Unn(R) + ﬁeN(r; R)

Ne Ny

Z VZ+Z Z ey AR e
2 |1‘l—1‘]| 2MA |RA Rg| lr; — RA|

(1.1.1)
where To (1), Uee (1), Ty (R), Uyn(R), and Uey(7; R) are kinetic energy of electrons, electron-
electron repulsion potential energy, kinetic energy of nucleus, nuclear-nuclear repulsion potential
energy, and electron-nuclear potential energy, respectively. The parameters r;, Ry, My, and Z,4
represent the position of i’th electron and the position, mass, and charge of A’th nucleus,
respectively, and V; and V4 represent the position derivatives of i’th electron and A’th nucleus,
respectively.  We denote {r;} and {R,4} as r and R, respectively. The time-independent
Schrédinger equation of wavefunction W(r, R) including electron and nuclear coordinates is
given as eq. (I.1.2)

H¥(r,R) = E¥Y(r,R) (1.1.2)
where E represents the eigenenergy of Schrodinger equation.
Let us consider that the wavefunction W(r, R) is written as the linear combination of

electronic wavefunction of nth state ®,,(r; R) as parameters of fixed nuclear coordinates R *
W(r,R) = 2 0, (R)®, (r; R) (L1.3)
n
where 0, (R) is the expansion coefficients. This approximation is called adiabatic approximation.
Substituting eqgs. (I,1,1) and (I.1.3) to (I1.1.2), we derive
D (OB YD, (3 R) + Ty (RO RYD, (13 R)} = Y EO,(RIDy (3R, (1.14)
n n
where
Ho(r;R) = Te(®) + Uen(r; R) + Uee(r) + Unn(R) (1. 1.5)

is the electronic Hamiltonian with the fixed nuclei parameter including nuclear repulsion energy

and Ty (R)©,,(R)®,,(r; R) is written as
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- 1
Tn (RO (RY D (s R) = = > a7 |(VA0n(R) + 20,0, (R) - ¥y + 0, (R)VE | @, (5 B)
A

(I.1.6)

The first term is kinetic energy of nuclear motion, and the second and the third term in

above equation is called the non-adiabatic coupling (NAC) terms.** By multiplying ®,,(r; R)

from the light-hand-side and by integrating by electron coordinate r, (I.1.5) and (I.1.6) gives the
Schrodinger equation of the wavefunction becomes:

Hoymn®n(R) = 2 [{TN(R) + Eetn (RS + 27505, - V + 523 | 0, (R) = E@ (R), (1.1.7)

n

where

(1)
- ZZMA (@, (1 R) |V, |, (r; R)) (1.1.8)

Tmn = ZZM m (13 R)| V2| @, (r; R)) (1.1.9)

are referred to as the first- and the second- order NAC elements, which are the matrix elements
of the first and the second derivatives with nuclei coordinates under the representation with
eigenstates of the Hy;(1; R).

The E,;,(R) is the eigenenergy for nth adiabatic electronic states of the electron

1)

Hamiltonian. In Born-Oppenheimer approximation, t,,; and 1: are neglected because nuclei

are much heavier and move much more slowly than electrons. Thus, the eigenproblem of total
Hamiltonian is simplified by solving the Schrodinger equation of electronic wavefunction
independently of the nuclear motion, which is formulated as

Hey(r, )@, (15 R) = Eyn(R)Py, (15 R) (1.1.10)
with the nuclei treated as fixed. The nth eigenenergy E,;,(R) is written as a function of nuclei
position, which is called as adiabatic potential energy surface (PES). The time-independent
Schrédinger equation for the nuclei motion on the nth adiabatic PES under the Born-Oppenheimer
approximation is describes as

Ny

- Z Lvf,@)n(R) + Eqn(R)O,(R) = EO,(R). (1.1.11)
L 2M,

In order to discuss the state-to-state transition dynamics, however, it is necessary to consider the
NAC terms which perturb the electronic wavefunctions and cause the mixing of the adiabatic
electronic states.

Calculating the NAC can be challenging due to the divergence problem around dR — 0,
which results in a singularity near the conical intersection between PESs. However, since

adiabatic states, as well as eigenstates, represent the physically observable states during the
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excited state dynamics in the aggregate system. Thus, NAC is an important quantity not only for
the implementation of the computational methodology for the non-adiabatic process such as
trajectory surface hopping (TSH)>® and multi-configurational time-dependent Hartree (MCTDH)
method,”® but also for the accurate description of such process. In SF research, Krylov and her
coworkers have introduced an efficient computational approach to bypass explicit calculations by
using the norm of one-particle transition density.* This method has been successfully applied to
various SF molecular systems, such as oligoacenes, diphenyl-isobenzofuranes, and diphenyl-

hexatrienes.

1.1.2 Diabatic representation

In the adiabatic representation, it is difficult to exactly calculate NAC. This problem can be
bypassed by using the diabatic representation for the electron basis." In this representation, the
total wavefunction is expressed in the linear combination of the orthonormal electronic state basis

@, (r; R), on the reference structure R, which satisfies

(®';(r,Ro)|®';(r, Ro)) = &), (1.1.12)
where §;; denote the Kronecker’s delta and cancels the first order NAC term as follows:
(@', (1, Ro)|Va|®'; (1, Rg)) = O for I = . (1.1.13)
The wavefunction is described as
W, R) = ) 1R (1, Ro) (1.1.14)
I

In this representation, the time-independent Schrodinger equation (I.1.2) becomes
Y s R, ROK(R) + Y 0, RTy (RO, (R) = E Y &4, R (R)
T T T

(1.1.15)

and by introducing the potential difference
V(R) = Hey(r; R) — Hey(r; Ro) = Uen(r; R) — Uen (73 Ro) + Unn(R) — Unn(Ro),  (1.1.16)
and by multiplying ®';(r, Ry) from the left-hand-side of eq. (I.1.15) and taking integrals over

electron coordinate r, eq. (I.1.15) is reformulated as

D {Hous(Ro) + V BOJu (R + Ty (R, (R) = Exy(R) (1.1.17)
I

where Hey ;1 (Ry) = (®')(r, Ro)|Hz (; R)|®' (1, Rg)) is the diabatic representation of the
electronic Hamiltonian, which is not necessarily diagonal formula (He, ;;(R,) # 0 even for | #
I). The V;;(R) = (®;(r,Rg) [V(R)|®’;(r, Ry)) is called the vibronic coupling (VC) interpreted
as the effect on the electronic states of the change of the nuclei coordinates from Ry to R. In

diabatic representation, the transition between PES (eigenenergy of H; ;;(R)) is described by VC
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term. The eq. (I.1.17) is simpler than adiabatic representation of eq. (I.1.7).

Unfortunately, the diabatic wavefunction is not uniquely determined and is criticized
due to its strong dependence on the construction method compared with the non-adiabatic
coupling method. In order to solve a direct solution for the problem of arbitrariness of the diabatic
basis, ones have to select the transformation matrix from adiabatic state to the diabatic basis so
that the diabatic representation provides chemical and physical insights. In community of SF,
several diabatization schemes have been reported based on the post-HF method such as complete
active space (CAS) method such as Nakamura-Truhlar’s four-fold way scheme.”'® In the

following section, we present a model Hamiltonian approach based on the diabatic picture.

1.2 Electronic Coupling

Initial process generating TT states

In this section, we introduce the diabatic basis to construct the model Hamiltonian for SF. In this study,
we need to construct the exciton states in multimer system consisted of over three molecules, and it is
Smith and Michl have proposed the essential five types of exciton bases to describe the electronic state
associated to the SF dynamics. These diabatic state basis are Frenkel exciton (FE) states (S1So and
SoS1), charge-transfer states (cation-anion [CA] and anion-cation [AC] state), and correlated triplet
(TT) state.!""!? The excitation energies and the electronic coupling calculated in dimer subsystem
correspond to the diagonal and off-diagonal value of the model Hamiltonian.

There are two advantages to introduce model Hamiltonian with electronic couplings
comparing with adiabatic approach. First, diabatic treatment make it easy to expand Hamiltonian to
the aggregate system consisting of over three molecules. The model Hamiltonian is parametrized by
the diabatic state energies of Si, CT, and TT states, and the electronic coupling between these diabatic
states. These parameters are calculated in neighboring dimer structure, and do not require computation
of excited electronic states in multimer structure, which leads to reduce the computational costs.
Although how to obtain these coupling should be taken into account,? it is sufficient for discussion of
qualitative trends of SF dynamics. The second advantage is that model Hamiltonian approach allows
us to separate discussion of the complex relationship between “structure and excited electronic states
in aggregate level” into a discussion of “structure—electronic coupling correlation in neighboring
dimer system” and “(parametrized) electronic coupling—Hamiltonian correlation in multimer”. This
makes it possible to understand the general trends of the electronic structure in aggregate systems as
a function of excitation energy, electronic coupling, and aggregation topology, which reflect the
constituent molecules, their intermolecular relative configuration, and global aggregation structure,

respectively.

37



In this method, the wavefunction of the diabatic wave function is represented as the Slater
determinant composed of the HOMOs and the LUMOs of two molecules. In the dimer system consists
of molecule X and Y, the exciton basis of FE, CT, and TT states are described as follows when

the HOMO and the LUMO of these molecules denoted as hy, hy, lx, and ly, respectively11.12:

5:50) = = (1abehefiy] = e (1.1.18)

15051) = —= (v y] — [yt ]) (1.1.19)
V2

1CA) = — (|hxTyhyiy] — [FobyhyFoe]) (1.1.20)
V2

|AC) = L (|hxhxixhy| — |hxhxixhy]|) (1.1.21)
V2

1 —_ S
|TT) = ﬁ(|hxlxhyly| + |hxlxhyly|)

1 _ o o
—ﬁ(|hxlthzY| + |hxlxhyly| + |hxlxhyly| + [Rxixhyly|). (1.1.22)

The orbitals without overline denote the a-spin function and that with overline denote [-spin
function. Using these diabatic state basis, the exciton Hamiltonian in dimer system is denoted as

follows:

(S1S0|He1|S1S0)  (S1So|Hei[SoS1)  (S1SolHerl CA)  (S1SolHel|AC)  (S1So|Her|TT)
(SoS1|He1|S1S0)  (SoS1|HellSoS1)  (SoS1lHetlCA)  (SoS1|Hel|AC)  (SoSi|Her|TT)
Hey =| (CA[HellS1So)  (CA|Hel|SoS1)  (CA|He|CA)  (CA|Hq|AC)  (CA|He|TT)
(AC|He1|S1S0)  (AC|Hei|SoS1)  (AC|Hel|CA)  (AC|Hei|AC)  (AC|Hey|TT)
(TT|He1|S1So)  (TT|Hei[SoS1)  (TT[Ha|CA)  (TT|Hei|AC)  (TT|Hel|TT)

(1.1.23)
The diagonal elements of this exciton Hamiltonian are the energy of exciton basis of egs. (I.1.18)-
(1.1.22), and we denote them as E(S;Sy), E(SoS1), E(CA), E(AC), and E(TT), respectively. The
off-diagonal matrix elements are denoted by the one-electron and two-electrons integrals

calculated by the quantum chemical calculation when we ignore the orbital overlaps.

(S1S0lH[SoS1) = 2(hphgllslp) — (lahallghg) = Vex (1.1.24)
(S1S0lH|CA) = (14|F|lg) + 2(hahallal) — (halalhalg)~Vir, (1.1.25)
(S1So|H|AC) = —(hy|F|hg) + 2(hahallals) — (halalhgla)~ — Vin (1.1.26)

(CAIH|TT) = /3/2 ((Ia|F|hs) + (lalglhglp) — (lahalhphp))~ /3/2 Viy (1.1.27)
(ACIH|TT) = y/3/2 ((halF|lg) + (halgllply) — (hahpllghg))~/3/2 Vi (1.1.28)

(CAIHIAC) = 2(hsls|lghg) — (halalhgls)~0 (1.1.29)
(S1SolHITT) = /3/2 ({lala|hglg) — (hahalhglg))~0 (1.1.30)

The operator F denotes the Fock operator in dimer electronic structure. The (DpPq|dr-bs) is two-
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electron integrals described as the physicists’ notation [ dv;dv, ¢, (r,) ¢, ()t (1) s ().
Since integrand of the two-electrons integrals in egs. (I.1.25)—(1.1.30) and in the second term of
eq. (I.1.24) is written as the product of molecular orbitals on the different molecules. Thus, these
terms are small and is frequently considered negligible. The two electron integrals
Vex~2(hahg|lalg) contributes to the Davydov splitting of the FE states, which leads to the
delocalization of S exciton and the energy splitting of the FE energy levels. By denoting the Fock
matrix elements as V;; = (iy|F|jz) with iy and jp being the orbitals localized to molecules A and

B, respectively, the eq. (I.1.23) is approximately reformulated as follows:

E(S1S0) Vex VL —Vun 0
Vex E(SoS1)  —Vum VL 0
Hy = VL —Vun E(CA) 0 V3/2Viu |. (1.1.31)
—Vun VL 0 E(AC)  /3/2Vy

0 0 J3/2Viy f3/2Vy  E(TT)

There are two advantages of the representation by eq. (I.1.31). The first is that the matrix elements
of the exciton Hamiltonian are physically informative. The energy of FE states, CT states, and TT
states are interpreted as the S; excitation of the molecules E (S;), the interaction energies of cation
and anion of two molecules, and the sum of the T, excitation energy of the molecules 2E(Ty).
The off-diagonal matrix elements, Fock matrix elements V;; and FE coupling V4 are interpreted
as the one electron transfer and the exciton transfer process between molecules A and B. The
second advantage is that the model Hamiltonian is easily expanded for the electronic structure in
the multimer systems. The eigenstates of the exciton Hamiltonian represented as egs. (I.1.23) or
(I.1.31) are defined as adiabatic states, which correspond to the solution of the time-independent
Schrodinger equation H;|a) = E,|a) (E, is an eigenenergy of adiabatic state |a)). The adiabatic

states are denoted as the linear combination of the diabatic exciton basis as follows.

Nstate

la) = Z Colm) (1.1.32)

where the Cp,, = (m|a) is the expansion coefficients of |m) in |a) and the number of states
Ngiate 18 5 in dimer system of SF chromophore.
As explained in the next section, we can understand the efficiency and the rate of SF

using excitation energy and distribution of the frontier MOs.
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Figure. I.1.1. Diabatic state basis in SF.

Effective SF coupling

The rate of SF process is an important factor to evaluate the efficiency of SF materials. Since SF
occurs in at least dimer systems, ones have to discuss the relationship between the neighboring
dimer geometry and SF rate. In the simplest formula, the Fermi’s golden rule gives the estimation
of the SF rate from the electronic coupling between the initial (S:So) and the final (TT) states.
Including the effect of the structural reorganization of the nuclear coordinates, the SF rate kg is

expressed by the following Marcus theory'*:

|VSF|2 T (AE + /1)2
kgp = - 1
SE= " 2T P T T aak,T (I.1.33)

where Vsg, AE, and A are the SF coupling, the energy difference, and the reorganization energy

between SiSo and TT states, respectively. kg and T is Boltzmann constant and temperature,
respectively.

Because the direct coupling (S;So|H|TT) is too weak (~ 0.1 meV) compared with the
other couplings such as S;So-CT or CT-TT couplings ranging from tens to hundreds of meV, the
SF coupling Vg is often approximated as the effective coupling including the CT-mediated
transition paths obtained from perturbation theory (PT).">!* According to the quasi-degenerate
perturbation theory up to the second order, the matrix element of the effective Hamiltonian (Heg)

between i and j is given by

. 1 ~ A
(i|Heff|j) = (ilHel |_]> + E [(i|HelQiHel|j) + (i|HeleHel|j)]r (I- 1-34’)

with
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A |m)(m|
0= )
Ei - Em

meQ

(1.1.35)

where i and j are included in the reference space (P) of interest, while m is in its complement
space (Q). By including S:Sp and TT states in P and CT states in 0, the effective S1So-TT coupling
is expressed as follows:

1
E(S.Se) —E, TE(TT) —E,

1
Vor = (SiSolHalTT) +5 D (S1So|Heulm)m|Her|TT)
m=AC,CA

_ E[VLLVLH_VHHVHL]
20 AEc,  AEac

(1.1.36)
where AE¢, and AE ¢ are defined as
1 1 1 1
AEcp ~2 [E(Slso) — E(CA) + E(TT) — E(CA)] , (I.1.37a)
1 1 1 1
AEpc "2 [E(Slso) — E(AC) + E(TT) — E(AC)] . (I.1.37b)

From eq. (I.1.36), the SF rate is roughly estimated, and it is written as the summation of the terms
which is inversely proportional to the S;So-CT and CT-TT energy gaps, and is proportional to the
one-electron transfer integrals Vi, Vyy, Vg and Vyp,. Therefore, it is necessary to optimize
packing structures in aggregates and crystals for efficient SF. Michl et al. have pointed out that
the SF rate at face-to-face stacking dimer structure (Figure 1.1.2 (a)) become for D,; molecules
such as pentacene, and the slip-stacked structure (Figure 1.1.2 (b)) is preferable for the efficient
SF, which is explained by the relationships between the trends of the one-electron transfer
integrals on the intermolecular relative geometry. From Figure 1.1.2 (a), the out-of-phase
relationships between frontier orbitals in the face-to-face pentacene stacking structure indicate
that the V1, and Vyy exhibit positively large values. By the larger displacement along the short
axis of pentacene molecule, the overlap between n-plane become smaller, resulting in the smaller
values of V1, and Vyy. On the contrary, the contributions of the in-phase and out-of-phase parts
of HOMO-LUMO overlap for the Vi and Vy, cancel each other,'® leading to these coupling
become zero in face-to-face stacking geometry, while these coupling become non-zero value in
slip-stacked geometry. The Marcus theory of eq. (1.1.36) is useful to capture this trend and
frequently used for the rough estimation of SF at dimer level.

On the other hand, several problems of applying Marcus theory to the SF dynamics are
pointed out. For example, since Marcus theory is based on the perturbative treatment of the
electronic coupling, it breaks down and overestimates kgr when the CT states are too close in

energy to SiSo or TT states (small AE¢4 and AE ¢ in eq. (1.1.36)) and when V,,,, are too large.
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Moreover, the Marcus theory does not consider the quantum nature of the eigenstates of excitonic
Hamiltonian correctly, which includes the delocalization of S; states, the superposition or the state
mixing of Si, CT, and TT states, and the change in eigenenergy from the diabatic state energy due
to the electronic coupling. Although the Marcus theory works well if the effect of the nuclear
geometrical reorganization was sufficiently larger than that of the electronic coupling, more
accurate description for the exciton dynamics and the relaxation by interstate migration process

1s needed in some cases.

Effective Triplet-Triplet Exciton Transfer Coupling

For the purpose of modeling the triplet-triplet spatial separation in addition to the initial TT
generation process by SF, it is required to calculate the triplet-triplet exciton transfer (TTET)
coupling between TSy and SoT;. In SF, the large TTET coupling value results in the Davydov
splitting of the energy levels of adiabatic states including TT states due to the delocalization of
triplet excitons. Several methods for theoretical estimation of TETT coupling have been proposed
in the field of organic semiconductors, for example, Fleming et al. suggested that it can be
estimated as half the energy difference between the first and the second triplet excited states
calculated in a symmetric dimer model.'” However, this method cannot be applied to the
asymmetric dimer structure seen in the pentacene crystals and heterofission systems.

More practically, the direct TTET coupling is denoted as (T;Sy|H,;|S,T,) in 4-electrons
and 4-orbitals model shown in Figure 1.1.3, called Dexter type coupling. The direct Dexter
coupling mainly written as the two-electron integral (hyhy|lyly) which is too small to reproduce
the Davydov spitting in dimer systems suggested by Fleming et al., because the integrand includes
the product of HOMO and LUMO on the different molecules. Alternatively, we introduce the
effective triplet CT(CT)-mediate TTET coupling estimated by the quasi-degenerate perturbation
theory.'®" By inserting T1So and ST states to i and j and triplet CT states (denoted as CA; and
AC3), the effective TTET coupling t is formulated from previously described eq. (I.1.33) as

follows:
£ = (T,So|Hoy|SoT,) + (T150|Hez|CAA3;(CA3|Hez|SoT1) N (T1So|Hez|ACA3;(AC3|Hez|SoT1) (1.1.38)
ca AC
where
L _ 1( ! _ ! ) (1.1.39)
AEcy  2\E(T1So) — E(CA3) E(S0T1) — E(CA3)
L 1( ! _ ! ) (1.1.40)
AExc  2\E(T1So) —E(AC3) E(S0T1) — E(AC3)

and E(T;Sg), E(SoT1), E(CA3), and E (AC3) are the energy of the triplet exciton states and triplet
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CT states, respectively. Because the (T;So|H|CA3){CA3|H|S,T;) and (T;Sq|H|AC3)(AC5|H|S T, ) in
eq. (I.1.38) correspond to the product of the HOMO-HOMO electron transfer and LUMO-LUMO
electron transfer coupling, the TTET coupling t become large at the face-to-face stacking dimer
structure. Although the direct TTET coupling term is at the order of 0.1~1 meV. the *CT-mediate
TTET coupling becomes tens of meV, leading to the delocalization of the triplet excitons during
the dissociation process of the TT states.

In the following chapter, we present the vibronic Hamiltonian theory based on the
diabatic bases to obtain the parameter for describing the electron-phonon coupling during the

quantum dynamics simulation.

e -1_ 3CT-mediate

-1— —T—l— T,-transfer
cC A

+— —6
-1— -H— Direct T,-transfer —t—l— —'—
Ti S So T

_1_ .

N

A C

Figure. 1.1.2. CT-mediate triplet exciton transfer.

1.3 Vibronic Coupling

As discussed in the previous section, it is important to consider the interaction between nuclear
vibration and electronic state (vibronic coupling) for the simulation of the non-equilibrium
dynamical process. In order to describe the vibronic coupling, we introduce the vibronic
Hamiltonian approach.

Before introducing the vibronic Hamiltonian, we explain the coordinates to represent
the nuclear vibration mathematically. In molecules with N, atoms, the degree of the freedom of
the nuclear motion is 3N,, and it is reduced to the 3N, — 6 modes for non-linear molecules
(3Np — 5 modes for linear moelcules) by diagonalizing the hessian matrix excepting the
translation and the rotation modes. These modes are called normal modes, which consists of the
orthonormal basis to describe any transformation of molecules around the equilibrium structure.
The hessian matrix K is represented by the mass-weighted Cartesian coordinates for Ath atom
qu = \/EARA (AR, are the displacement under the Cartesian coordinate on the equilibrium
geometly and A = 1,2,..., N,) as follows:
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_ aZE'el(R)
0q,0q3p

By diagonalizing hessian K, the diagonalization matrix L and normal mode frequency wy is

(1.1.41)

obtained so that satisfy the following relations:
LKL =20 (I.1.42)
(D) = Wb (1.1.43)
Where diagonal matrix Q have the normal mode frequency wy as the diagonal elements. The
normal mode (mass-weighted normal mode) is then described as QMW = L~1q, where the q is
coordinate vector of the 3N, degree of the freedom. The standard quantum chemical calculation
package gives the QYW. However, in the vibronic Hamiltonian, it is convenient to describe the
Hamiltonian with the mass-frequency weighted normal mode or dimensionless vibrational modes,

which is denoted as

) w wiM,
e e =) [ e =) B LR, (14
A A

This is because the hessian matrix element is represented as
aZEel (R)
0Qr-0Q"

which corresponds to the notation frequently used for the second quantization formalisms. The

= ha)kékl, (I 145)

normal modes for the translation and the rotation shows w; = 0, and often neglected because
they do not cause the intrinsic change of the VC nature.

In this representation, the potential energy surface around the equilibrium is
approximated as the harmonic oscillator potential with frequency w,, and the displacement of the
nucleus along the normal modes QXL In the following part of this section, we denote QP as @
for simplicity. The matrix element of the vibronic coupling operator in eq. (I.1.16) is expanded
by the Taylor series as follows:

V(R) = Hy (r; R) — Hyy (15 Ry)
= Uen(r; R) — Uen(7; Ro) + Uyn(R) — Unn(Ry)

~ 1 -
= Z VieQy + EZ Vi QrQy + - (I.1.46)
k kl
The ¥, and Vj,; is describes as the first and the second derivatives of the potential term and
denoted as:
N V(R dUen(T; R dUxn(R
Vi =< aé )> = (—eg( )> +<—;1N( )> : (1.1.47)
k /g, Qx Rq Qx Ro
0 = <_"’2‘7(R)> _ <—"’2f’eN(r; R)> ' <—623NN(R)> (1.148)
“\00k0Q)),  \ 000 /), T\ 0Qk0Q ), o

44



Under the diabatic representation, the matrix elements of V(R) is describes as follows:
Viy(R) = (®';(r, Ro) |V (R)|®'; (r, Ro))

1
= Z VipiQi + 52 VijaQr@Qy + - (I.1.49)
k Kl

Then, the Vj; , and V}; 4, is interpreted as the effect of the displacement of the nuclear coordinates
on the electron Hamiltonian He;;;(R,) at reference geometry R, (frequently defined as the
equilibrium geometry) in eq. (I.1.17). These matrix elements are called first- and second- order
vibronic coupling constants (VCCs). In the research field of SF, the first order VCCs are mainly
considered because they often contribute mainly to the SF process. The diagonal (I = J) and the
off-diagonal (I # J) elements of the first-order VCCs represents the nuclear derivatives of the
diabatic excited-state energy and electronic coupling, respectively, and are called as Holstein
coupling and Peierls coupling, respectively.

The matrix element of the nuclear derivatives of potential Vj;  is obtained as follows.
We define the reference geometry R, as the equilibrium geometry of ground state. For diagonal
term (Holstein VCC), the note that the nuclear derivatives in ground state ®; denoted as Vjq

becomes zero at equilibrium geometry, which is represented as:
L, _ 9| _ (a(cb;; |Oen s B |<1>'G)> N (aUNN(R)>
R, R R

(1.1.50)

99K 9Q 9Qy 0Qx

By using eqgs (1.1.47) and (I.1.50), the Holstein VCCs of the excitation energy is represented as
A —Eg)|  _ (a(cb;IUeN(r; R)|q>;)> _ (a(cb’alﬁeN(r; R)l@&))

0@k |4 0Qx R 0Qx R

=JdrApI(r)vk(r) (I.1.51)

where v(r) is differential of potential denoted as

B 0 —Z,
v (r) = (Zm m)R (I.1.52)

and Ap;(r) = p;(r) — pe(r) is the electron density difference between excited state 7 and ground
state G, and v(r) is the nuclear-electron potential energy. This equation indicated that the VCCs
according to Holstein coupling is obtained by integrating the products of the density difference
and the differential of potentials, which enable us to separately understand the contribution of
these factors as functions of spatial coordinates. On the other hand, the off-diagonal (I # J) VC
terms (Peierls coupling) in VCD formula is denoted as

_ 9(@]|Uen (5 R)|@))

e 0Qx

Ry
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= [ arpy v (1.153)

where p;; (r) denotes the transition density matrix between I’th and J’th diabatic states. This
method to analyze the origin of microscopic structure is called vibronic coupling density (VCD)
analysis.2*

From the viewpoint of the potential energy surfaces (PESs) of the ground and the excited
states, we obtain the relationships between the Holstein VCCs and the reorganization energies.
Figure 1.1.3 shows the PESs of the ground state G and the excited state / along the normal mode
Q.. We approximate the PESs as the parabolic shape with respect to the mode k. As shown innthe
Figure 1.1.3, the difference in the energy of /th state at R, and at the potential minimum is called

reorganization energy A¥ of Holstein coupling, which is formulated as

Vi
k )
= . 1.1.54
I Zh(l)k ( )
The summation over all vibrational modes gives the total reorganization energy:
A = Z Ak (1. 1.55)
k

By the analogy with this Holstein coupling, the reorganization energy /1;‘] and the total

reorganization energy A;; of the Peierls coupling are also denoted as

VZ
k 1],k
= . .1.56
AI] Zfla)k ( )
Ay = E A5 . (1.1.57)
k

These reorganization energy gives the strength of the VCCs, and it appears again in the next

chapter as a parameter to determine the shape of spectral density.

slope V¥
State I

State R
A
AQy

Ry Qx

Figure. I.1.3. Schematic picture of vibronic coupling for the excited state energy. Vi« and A«

indicate the energy gradient of the excited state i and its reorganization energy with respect to

the mode £.
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Chapter 2

Quantum Master Equation for Singlet Fission Dynamics

In this chapter, we introduce the quantum master equation (QME) which describes the time-
evolution of exciton states during the SF process. First, in Section 2.1, we introduce the density
matrix and its time-evolution equation, the Liouville-von Neumann equation, to derive the general
formulation of quantum dynamics. In the following Section 2.2, we introduce Hamiltonian and
reduced density matrix (RDM) for the open quantum systems by tracing out the degree of freedom
of phonon bath states. From the time evolution of RDM, ones can obtain the information about
exciton (electronic) states such as the population (diagonal terms) and the coherence (off-diagonal
terms) at each time. As described in Section 2.3, the effects of exciton—phonon coupling is
represented as continuous spectral density functions of which line shape is obtained from vibronic
coupling (VC) parameters such as reorganization energy A and cut-off frequency Q. Then, the
relaxation rates are derived from the exciton wavefunction of adiabatic states and spectral density
as a function of energy gap between initial and final states. In Section 2.4, we introduce the
relative relaxation factor (RRF) analysis methods which is convenient to interpret the origin of

dynamics as the kinetic models with state-to-state transition between adiabatic states.
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2.1 General Formulation of Quantum Dynamics

2.1.1 Density Matrix and Liouville-von Neumann equation

Any states of quantum system are represented as state vector |W(t)), which follows time-

dependent Schrodinger equation under atomic unit (A = 1)
0
i (@) = H[P(©), (1.2.1)
and
0
—io (PO = (¥(OIH

(1.2.2)
where H represents the Hamiltonian of the quantum systems. Here, we consider time-
independent Hamiltonian, and the formal solution is given as:

(1)) = e~ |W(0)) (1.2.3)
and its Hermitian conjugate is
(P = (P0)e™,

(1.2.4)
Here, we introduce the density matrix which is another representation of the state of the system.
First, we consider the density matrix of pure state W(t) in the closed system. The density operator
p(t) is written as the tensor product of bra- and ket- vector as follows:

p(t) = [POXY@)] (1.2.5)
Let us consider the physical operator 4, and its eigenvalue and eigenstates being written as a and
|a). Because the set of |a) is nonorthogonal basis, |¥(t)) is written as the linear combination of
them:

P(©) = ) ca®la) (1.2:6)

a

where the expansion coefficient ¢, (t) is normalized as

Dlea®l? = 1. (1.27)

The matrix element p,;, (t) = (a|p(t)|b) is given as

Pan(t) = ca(t)cp(t) (1.2.8)
This indicates that the diagonal element of density matrix p,, (t) = |c,(t)|? corresponds to the
probability of finding system in state |a) (or population) when observing the system with respect
to the observable A. The off-diagonal element of density matrix pg;, (t) = c,(t)c, (t) with a #

b represents the degree of quantum interference between state a and b, which is called coherence.
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The expectation value (A) of observable A is given as
(A=Y la®Pa =) pap()abay = ) papra = A (1.29)
a a,b a,b

where tr(--+) = Xq(a| - |a) is called trace operator.
To discuss the equation of motion formulated by density matrix, we begin with egs.
(1.2.3) and (1.2.4). Using these equations, p(t) is given as
p(t) = e Htp(0)etHt (1.2.10)
The time-evolution of the density matrix of pure state is derived can be derived by using egs.
(1.2.3) and (1.2.4):

a’;—(tt) = —i[H,p(t)] = —iLp(t) (1.2.11)
where L *= i[H,] is called an Liouville super operator. This equation is referred to as Liouville-
von Neumann equation. The formal solution of eq. (I1.2.7) is given as
p(t) = e~iLtp(0) (1.2.12)
By introducing density matrix, we can describe the time-dependent equations and
probabilistic behavior of quantum systems in a consistent formalism, not only for pure states but
also for mixed states. A mixed state represents a probabilistic mixture of several possible states.
The state of the system is expressed by a density matrix rather than a single wave function, and
the probabilities associated with each state in the mixture reflect the likelihood of the system being

found in that state upon measurement. For example, we consider density matrix of mixed states

as an ensemble average of several states denoted as |, (t)) with weight constant p,,:

pO) = ) Palth(O)Wn(O) (1.2.13)

with normalization condition ), p, =1. When state vectors are written by the linear
combination of orthogonal basis such as [, (t)) = X4 cne(t)]|a), the density matrix element

represented is written as
par (D) = ) Puta(Den(®) = (O, 0 (1.2.14)
n

where CaTCZ(t) represents the ensemble average of the population with a = b, and the quantum
interference between state a and b with a # b. The mixed state is more appropriate for
representing the state of the system than wavefunction when we discuss the statistical behaviors
of the system which is fluctuated by random external forces such as electron-phonon coupling.
In this case, off-diagonal elements of density matrix often disappear when taking ensemble
average, which is called decoherence. Starting from eq. (1.2.10), we can obtain the same equation
about an expectation value of observables as eq. (1.2.9), and about the equation of motion as eq.

(1.2.12), and following forms in this chapter can be applied to both pure and mixed states.
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2.1.2 Liouville-von Neumann equation at Interaction Picture

In this section, we introduce the interaction picture (I.P.) to make simple for the derivation of the
equation of motion. The total Hamiltonian is given as the unperturbed Hamiltonian H, and
perturbed Hamiltonian H;.
H=H,+H, (I.2.15)
The unperturbed Hamiltonian is often selected so that we can obtain the solution of eigenproblem
Hy|n) = wy|n). The perturbed Hamiltonian H, is often denoted as interaction Hamiltonian in
sense that it induces interactions or transition between eigenstates of Hy. In interaction picture,
we introduce time-dependent operators of observables given as
A(t) = e'tot ge~tHot (1.2.16)
From LvN equation, the time-evolution of density matrix in [.P. 5(t) is obtained as
%ﬁ(t) _ %{eiHotHop(t)e—iHot — ettt p(t) Hye Mot} + eiHOta/;_Et)e—iHot (1.2.17)
By applying eifot/he=iHot/h = 1 and eq. (1.2.11) to (I.2.17), we obtain

?
5P = —ilH, (1), p(D)] (1.2.18)

where the perturbed Hamiltonian in I.P. H; (t) is denoted as
H,(t) = etHotH, g~ iHot (1.2.19)
The formal solution of equation (I.2.17) is given as

t

() = p(0) — i j ds[Hy (s), 5(s)] (1.2.20)

0
By substituting equation (1,2,20) in the 5 (s) in itself, the 5(t) is written as

t

p© =p©) i [ asliye.p)] - [ ds [ arlm o m@p@)]  a.22D
0

0 0

N

This is called second-order perturbation solution of LvN equation. The time-derivative of
equation (1.2.22) is written as the integrant form

t

= —i[H, (&), (D] - j de[H, (), [H, (), 5] (1.2.22)

0

ap(t)
Jt

and this equation is the starting point of derivation of quantum master equation.
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2.2 Quantum Dynamics in Open System

2.2.1 Hamiltonian of Open Quantum System

In the following section, we introduce open quantum systems, where a quantum system with one’s
particular interest (denoted as S) is coupled to another quantum system B, which is not interested
in and called bath, reservoir, or environment (Figure 1.1.2).! The Hilbert space of the composite
system (S+B) is written by the tensor product of Hilbert spaces of its subsystems Hg and Hp.

Heip =Hs @ Hp (1.2.23)
When state vectors of subsystems Hs and Hp are written as |s)s and |b)g, respectively, we can
construct the new vector of the composite system written as the tensor product state such as
|sb) = |s)s|b)g, which is the basis in the Hilbert space Hs, . In case of weak coupling between
S and B, an arbitral state vector in composite system |W) is written as the direct product of state
vectors in S (denoted as |)s) and B (denoted as |@)g), respectively, such as |¥) = |)s Q |@)z.

The total Hamiltonian H including system S and bath B is written as

H = Hg + Hg + H,; (1.2.24)
where Hg, Hg, and H; is Hamiltonians of system, bath, and S-B interaction, respectively. The Hg
and Hpg only act on the Hilbert space Hg and Hp, respectively, while interaction Hamiltonian
acts on both the state vectors in Hs and Hp. In the I.P., this Hamiltonian is divided into two parts
as show in eq. (I.2.15), where Hy = Hg + Hg and H; = H;, and time-evolution of the total density
matrix follows (1,2,22).

H, S+B
—p
Hs vces B
Ps PB
Trace out

Figure 1.2.1 Composite system of system (S) and bath (B), and reduced density matrix

2.2.2 Reduced Density Matrix (RDM)

Next, we introduce partial trace and reduced density matrix (RDM), where the trace is taken to p
only for the degree of freedom B. Let us consider the expectation value of an operator A that

works only for S as
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(A) = tr(Ap) = Z<sb|Ap|sb> (1.2.25)
s,b

Then, we use completeness of basis set Y, p|s'D')s'b"| = 1
(A) = Z Z(sblAls’b’)(s’b’lplsb) (1.2.26)
s,s' b,b’

Since A is independent of B,
(sb|Als'b") = (s|A|s"}b|b") = (s|Al|s")Ep, (1.2.27)
and thus, eq. (1.2.26) becomes

Ay =Y (s14ls") Y (s'blplsb) = Y (slals'y{s' | > Blplb) s>
s,s’ b s,s’ b
= D (sl4ls"Xs'era(pdls) = ) (slAls"Xs'lsls) (1.2.28)
s,s’ s,s’
where trg(--+) = Y.,(b| --- |b) is the partial trace of B, and operator form of RDM ps is given as
ps = trg(p) (1.2.29)
By the RDM and eq. (1.2.28), the expectation value of operator (A) is written as
(4) = trs(Aps). (I.2.30)

By taking partial trace of B for the both sides of eq. (I.2.22), we can derive quantum master

equation which represents the time-evolution of RDM for the system of interest.

2.2.3 Derivation of QME

In this section, we derive the quantum master equation in time-convolutionless formula and
introduce two assumptions called Born approximation and Markov approximation in order to
simplify the dynamics of open quantum systems.

The Born approximation assumes that the interaction between the system and its
environment (or bath) is weak. This allows us to treat the system-bath coupling perturbatively,
meaning that the influence of the system on the bath is negligible. As a result, the bath remains
in a thermal equilibrium state or its initial state, unaffected by the system. This approximation
simplifies the interaction term and allows us to write the master equation in a form where the
system's evolution only depends on the system's state and some fixed properties of the bath. The
density matrix under Bron approximation is written as

p(t) = ps(t) ® pg. (1.2.31)

The Markov approximation assumes that the memory effects of the environment can be

neglected, meaning that the system's future evolution only depends on its present state and not

past state. This is valid when the bath correlation time is much shorter than the system's time scale
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of evolution. Under this approximation, the master equation becomes time-local, leading to a
simpler, time-independent description of the system's dynamics.

By taking trace for B, eq. (1.2.22) becomes

dps(t)

> = —itr{lH;(©), 5]} — j drtrg{[H,(t), [H;(z), ps(7) ® pzl]} (1.2.32)
0

Because of the cyclicity of trace, trg(AB) = trg(BA), the first term right hand side in eq. (1.2.32)
is 0. Furthermore, by using substitution 7 = t — s in second term, we derive

aﬁ;t( 2= - J dstrg{[H; (), [H,(t = 5), ps(t = 5) @ psl]} (1.2.33)

0
which is called time-convolution quantum master equation up to second order. This is non-local
equation in time where the time derivative of RDM depends on that at all past time. When the
time-scale of the system relaxation 7y is slower than that of the decay of bath correlation functions
T, the integrand ps(t — s) is approximately replaced by ps(t), resulting in

a - t
—pgt( 2o - J dstrg{[H, (), [H; (t - 5),55() & pg]]} (1.2.34)

0

which is called as time-convolutionless quantum master equation (TCL QME) up to the second
order.' This is local to the present time ¢t and djs(t)/dt is not affected by its past information. In

Markov approximation, the upper limit of ¢ in the integral is replaced by infinity (t — o).

2.2.4 QME for SF Dynamics

Let us derive the QME for SF relaxation dynamics. The total Hamiltonian in Schrédinger picture
is written by the sum of the exciton Hamiltonian (Hey), the phonon bath Hamiltonian for Holstein
and Peierls coupling (tha th), and the exciton-phonon coupling Hamiltonian for Holstein and
Peierls coupling (H?X_ph, ng_ph).

H = Hey + Hi} + Hpy + Hoy_on + Hex o (1.2.35)
Comparing with eq. (I.2.24), system Hamiltonian Hg, bath Hamiltonian Hg, and interaction

Hamiltonian H; satisfy

Hg = Hoy (1.2.36)
Hg = Hjy, + Hpy (1.2.37)
Hy = Hegy_pn + Hex_ph» (1.2.38)

respectively.

The exciton Hamiltonian He, which is denoted in diabatic representation as
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Nstate Nstate

Hoe= D Ealm)nl+ ) Vnlm)(ul (1.2:39)

m+n

where E,, represents diabatic state energy of n’th state and V;,,,, represents the electronic coupling
between m’th and n’th states, and Ng;4¢. denotes the number of exciton states. For example, in
dimeric SF system, there are 5 diabatic states (S1So, SoS1, CA, AC, and TT) included in the model
Hamiltonian as we mentioned in Chapter 3. The Hamiltonian matrix in diabatic representation

is diagonalized by adiabatic states, denoted as {|1);)}, and satisfy following relations

Hex ;) = Ei|¥;), (1. 2.40)
and [1;) is written by the linear combination of diabatic state bases
o) = D ImXmlip) = D Cglim). (1.2.41)
m m

The phonon bath Hamiltonian for Holstein and Peierls term (fluctuation of the diagonal and the

off-diagonal elements of Hey, respectively) are written in the second-quantized form as follows:

HY, = 2 2 W pbXt b (1.2.42)

where (u;’,(lp is the frequency of harmonic oscillator and b,)f;{, and b,),‘lp is the creation/annihilation

operator of p’-th phonon bath mode, which satisfy the commutation relations:

[bX, bb] = 1 (1.2.43)

and using number operator Nép = be b,},(lp,
[Nikp bp] = =ik (1.2.44)
[N, bib] = BT (1.2.45)

For Peierls coupling (X = P), the index by m represents the off-diagonal elements of Hgy or the
pair of diabatic state basis. Hereafter, the index m for Peierls coupling represents the pair of
diabatic state basis, i.e., m = (m’,n") = (5;Sq, SS1), (5S¢, CA), (5,Sy, AC) and so on.

The interaction Hamiltonian Hey_p, for Holstein and Peierls coupling are typically

written in the form as follows':
ex ph = 2 AX ® BX (I.2.46)

where the sum over m is taken by the diabatic state bases for X = H and by pair of diabatic state
bases (m’,n") for X = P. The operator A%, acting on H is written as
AL = ImNm]| (1.2.47)
AP, = |m'Yn'|, (I.2.48)
where A% is projection onto diabatic state m if m = n, or transition operator from n’th state to
m’th state of m # n, which relate to the diagonal and off-diagonal elements of Hy, respectively

(Hex = Yomn Hex mnAmn)- The operator B acting on {p is written in the second-quantized form
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as:
BY = Z M (9E bl + gbh (1.2.49)

where complex value gjn, represents the (dimensionless) exciton-phonon coupling constant.
For simpler derivation of QME in the following section, we here introduce the
eigenoperator technique. Let us introduce the projection onto the eigenspace belonging to the

eigenvalue ¢ by I1(¢) = |e)(|, and operator A%, (w) defined as following relation:
AX (@) = Z M(e)AXTI() (1. 2.50)
e—e'=w

The sum in eq. (1.2.38) is extended over all energy eigenvalues € and &' of Hoy with a fixed
energy difference of w = ¢ — &'. The projection A,, is inversely obtained by summing A%, (w)

over energy difference w:

= Im(m] = ) (W)W lm){m| )|
ap

=2 2 CinaComp | ¥ (W EAX(w)

w a,f
(Eq—Ep=w)
(1.2.51)
A=D1 CrraCurgl¥a)(¥| EAg(w) (1.2.52)
w a,p
(Eq—Ep=w)
The operator A,,,,, (w) satisfies the following commutation relations between Hey as:
[Hex, A%((‘))] = _(‘)A%((‘)) (1.2.53)
[Hex, AN ()] = +wA% (). (1.2.54)

The operators A;rnn (w) and A, (w) are called eigenoperators or quantum jump operator. From
egs. (1.2.53) and (1.2.54), following relations are obtained
Hs (A7 (0)|¥:)) = (AR (w)Hs — wAR (w))|¥;)
= (E; — w)(AR(0)|¥:))
(I1.2.55)
Hs (A (@)[¥;)) = (A (@)Hs + w Ay (@))|¥)
= (E; + 0) (A5 (@) ¥:)).
(1.2.56)
These equations indicate that Ajnn (w) and Ay, (w) is the operators that lowers/raises the energy

of the system by w. The eigenoperators also satisfy following relations:
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[Heso A (@) A%, (0)] = [Hex, A (@) AN ()] = 0. (1.2.57)
By using eqs. (1.2.44) and (1.2.45), and inserting X = Hg and Y = A%, (w) to the Baker-Campbell-

Hausdorft’s formula:

1
eXYe X =Y + [X,Y] + [X X, Y]] + 45 | % (X, (Y1) (1.2.58)
the corresponding I.P. operators of AX, (w) and AXT (w) take the form

eHst AX (w)e st = g~I0t X () (1.2.59)
etHst X T ()e~tHst = glwt gXT (). (1.2.60)

Furthermore, according to eqgs. (1.2.55) and (1.2.56), we note that
A (@) = A% (—w). (1.2.61)

Thus, the sum over all energy differences of eq. (1.2.61) results in
2 A (w) = 2 AXt(w) = A% (1.2.62)

From egs. (1.2.51) and (1.2.52), the interaction Hamiltonian (eq.(1.2.46)) is reformulated

H&—ph = 2214%(0)) ® B = EZAX*(w) ® BXT (1.2.63)

and L.P. interaction Hamiltonian decomposed by eigenoperator is

as

Hl(t) — eiHsteiHBt< 2 HeX ph) e—lHBte—iHst
X=H,P

Z Z E(eiHstAg(n(w)e—iHst) ® (eistpXe-itint)

X=HP w m

PR CLULEIPHITACLLAL

X=HP w m X=HP w m

(1.2.64)
where BX (t) is bath operator in the I.P. form, which is reformulated by using egs. (1.2.42), (1.2.44),
(1.2.45), (1.2.49), and (1.2.58)
BX(t) = e!HBtBX g =iHiBt = 2 hwn, (ggme-iw%‘mfbgm + g;‘,;eiw%‘mfb;‘;). (1.2.65)
p
Inserting the form (1.2.64) into the TCL-QME (eq. (1.2.34)), we obtain

dps(t) _

e - J dstrg{H,(t)H,(t — s)ps(t) ® pg — Hi(t)ps(t) Q pgHi(t —s)

0

— Hy(t — 5)ps(t) ® pgH (t) + ps(t) ® pgH(t — s)H (L)}
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t

= J dstrg{H(t — s)ps(t) ® pgH,(t) — Hi()H;(t — s)ps(t) & pg} + h.c.
0

(I1.2.66)
and

t

(1% term) = J dstrg{H;(t — 5)ps(t) ® pgH;(t)}
0

Z Z Z J dse™ 1 =) AX (") s (£)e @t AX (w)trg{BX (¢ — $)ppBET (1))

w,w'mng

Z Z Z —i(0'-0)t X (") ps (D) AT () J dse!®"Strg{ByT ()BX (t — 5)ps)

(1)(1) mmn

222 i@’ -w)tpX (0!, ) AX (0")ps ()AL (w)

w, (1) mmn
(1.2.67)

t

(2m term) = — J dstrg{H;(t)H(t — s)Ps(t) ® ps}
0

t
2 j dsetAnf (w)e™@" =9 AX (") ps (D)trg{Ba (DB (t — 5)ps}
0

w,w’ mn

2 Z Z i =)t g XF (1) AX (") ps(2) J dse'® strg{BXT(t)BX (t — 5)ps}

ww' mn
Z D, 2¢O W, DA @) @)ps(®
ww' mn
(1.2.68)
with scalar functions I'X,, (w’, t) being as follows
t
X (', t) = J dsel® Strg{BxT (£)BX (t — s)pg} - (1.2.69)

0

The IX,, (w’', t) is one-sided Fourier transform of bath correlation functions. The bath correlation

functions are defined as

Coun (81 — t2) = (B (¢)Bi (t2)),, = tra{Bn (t1)BY (t2)ps} (1.2.70)
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When we consider that pg is a thermal distribution of the bath, that is [Hg, pg] = 0. Thus, the

bath correlation functions are then homogeneous in time:
_ Xt X(+ _ _ Xt X
Crn(s) = (BAT(OBY (£ - 9)),, = (BAT()BX(®),.. (1.2.71)

Then, the QME is simplified as following relation
ap (t) — r— ’ " x " x
S 2 D, 2 ¢ I @ DA @R AR @) = AT @A (550}

(1)(1) mmn

+ h.c.

(1.2.72)
Here, we perform the secular approximation, which is referred to as the omission of all the terms
with w’ # w. To explain this approximation, we denote by g = |w’ — w|™! the typical
timescale of the intrinsic evolution of the system which make pg(t) oscillating with a period of
Tg as denoted by e~i(@'~0)t i eq. (1.2.72). On the other hand, the time scale of the relaxation,
TR, 18 decided by the exciton-phonon coupling. In secular approximation, we consider that the
relaxation time 7R is much slower than the oscillation associated withand non-secular term with
w' # w can be averaged out in eq. (I1.2.72) oscillate very rapidly during the time Tg. Thus, we

have

apS(t) 222%(«) D{AX (@)ps(O A (@) — Anf (@) AX (@)Fs(O} + hc. (1.2.73)

w mn

It is convenient to decompose the Fourier transformed bath correlation functions I%,, (w’, t) by

their real part and imaginary part as follows

500, = 5 Yo () + Sy (@) (L2.74)

with
Ymn (@) = 2Re(TX, (w,0)) = TE,(w, 1) + T (w, £) (1.2.75)

and
S (@) = I (0,9) = 5 (T 0,0 ~ T (@, ). (1.2.76)

With these definitions, the obtain the following form

ap
Ps (t) 2 2 2 [2 Vinn (@) + iSynn (w)] [A% () s(D AN (@) — Ay (w)AX (w)ps (D]

* 2 Z Z [2 Yimn (@) = 1S n(‘”)] [4%, ()ps (AR () — ps (DAY (@) A% (w)]
—i[HLs(t), ps ()] + Z Z Eymn(w t) [Ax(w)ps(t)AXT(w) - —{AXT(G))AX((‘)) ps(t)}]

w mn

(1.2.77)
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where Hyg(t) is defined as

Hys(t) = EEZSmn(w)A“(w)AX(w) (1.2.78)

w mn
which is known as the Lamb-shift Hamiltonian since it leads to a Lamb-type renormalization of
the coherent oscillation frequencies induced by the system-bath coupling. This term is negligible
because it does not bring intrinsic change to the relaxation dynamics. Furthermore, we assume
that the diagonal relaxation function v, (w, t) = 8nya, (w, t), which means that we consider
only the aitocorrelation function for the bath and A% (w) interacts individually with its own set of
the phonon bath. By transforming QME in interaction picture into Schrédinger picture, eq. (77)
becomes

9ps(t) (t)

ot —i[Hs, ps(t)]

£ i) [ A @ps (D45 @) — 3 (A5 @)a ), ps(0)}]
X w m

(I1.2.79)
This is the working equation for solving time-evolution of RDM of exciton states. In the eq.
(1.2.79), the first term is unitary time-evolution of system density matrix and the second term is
called dissipation part in sense that the equation of motion becomes identical to the LvN equation

if there were no system-bath coupling which provoke the system relaxation.
2.3. Spectral Density for Vibronic Coupling

2.3.1 Spectral Density

According to the eq. (1.2.75), the relaxation rate v, (w,t) in eq. (1.2.79) is represented as the
Fourier transformation of the self-time-correlation function of system-bath coupling, which is

called bath correlation function. The bath correlation function is denoted as follows:
Cn(D) = (B (DB (0),, = tra{Bn' (DB (0)ps} (1.2.80)

By inserting eq. (1.2.49) and eq. (I1.2.65), the eq. (1.2.80) gives
- X .
m(T) = trg 2 hz(‘)pqum gpme l(upmth + gpmelwpmtbé(;l) (ggl(mbc)l(m + gt)fmb;{;l) PB

(1.2.81)

When we assume that the coupling constant is real,
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_imX i X
C (1) = trg 2 A2 W W Gam am (e topmtpX . + e‘wpmtb;f;l) (b + bé(;l) pg ¢ - (1.2.82)
p.a

According to the Broch-de Dominicis theorem, the value of (b{,‘mbgm)eq , (bg%b;(,;rl)eq,

(bﬁbé‘m)eq, and (bgmbg,:rl)eq are formulated as

(bgmbgm)eq = (b;;(;lbcﬁ)eq =0 (I1.2.83)
(bombiim),, = Spamis(@pm: T) (1.2:84)
(bikmban) o = 6pq (1= s (in 7)) (1.2.85)

where ng(w,T) = (eﬁh“’ — 1)_1 is the Bose-Einstein distribution function ng(w,T) =

(eﬁh“’ - 1)_1 at temperature T and inverse temperature § = 1/kgT with the Boltzmann

constant k. Then, the bath correlation C,,(7) becomes
Cn (1) = 2 2 (0X,)" (g%n)" (e-iwz’o‘mf (1= np (@, T)) + ePmtng (wif, T)) (1.2.86)
P
By using the definition of the Dirac delta function, eq. (1.2.86) is written as

Cpn(7) = JOO dow’ 2 hz(wgm)z(ggm)zé(w’ - wfn) (e“"‘”t(l —ng(w',T))
0
P

+ ei“"tnB(a)’,T)).

(1.2.87)

Let us introduce the spectral density function JX (w) defined as

2 2
JE@) = Y 12 (0fn) (93m) " 8(w" = i) (1.2.88)
%)
The bath correlation function C,, (t) becomes
C,.(7) = J dw'JX (w) (e-iw’f(1 —ng(@', T)) + e tny (o, T)) (1.2.89)
0

and relaxation rate v\, (w, t) is rewritten from eq. (1.2.75) as

t © , ,
Y& (w) = 2Re U d‘rei“”J do' /¥ () (e_i“’ t (1 —ng(w), T)) +e@ing(w, T))]
0 0
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sin(w — a)’)t

_ L T dw ) (o) TR0 (1w, 7)) +

sin(a) +w )tei""tnB ((u’, T) .

w (1)+(1)’

(1.2.90)
This equation indicates that the relaxation rate is obtained from the spectral density
function. However, in order to describe the irreversible dynamics of the non-equilibrium open
quantum system interacting with bath, the spectral density should be modeled as a continuous
function rather than a discrete function such as eq. (1.2.88). Several other forms of spectral density
have been proposed. For example, the Ohmic formula with Lorentz-Drude cutoff is frequently used?,
which is defined as
1 2208w
h w? + (QX)?

where 4,, and (1, are the phenomenological parameters called the total reorganization energy

Jm(w,T) = (1.2.91)

and the cut-off frequency, respectively. The total reorganization energy and the spectral density

satisfy the following relation:
* X(w, T
AX = hJ de—). (1.2.92)
0 )

and eq. (1.2.91) indicates that the vibronic coupling has a peak value of A%, /m at w = Q,.

By applying the Markov approximation (t — ), the relaxation rate y;X (w) becomes
Y (w) —2 2Re U er do'JX (0" (ei(‘*"‘*")f(l —ng(w',T)) + el(@+o )ty (o' T))] .(1.2.93)

Using the relation between the delta function, the Cauchy’s principal value and the integral of

exponential function as
JO Oodreiim =n5(Q) +iP.v. (%) (1.2.94)
the eq. (1.2.93) is calculated as
X (w) —2 2nRe UOOO do'JX (0" (8(w —w)(1-np(@, 7))+ 6w+ w’)nB(w’,T))]

2nj¥ (w)(1 — np(w, T)) (w>0)
={2n)y (—w)ng(~w,T) (w > 0) (1.2.95)
lim % (@)[2np (@, T) +1] (@ =0)
When we consider the Ohmic spectral density with Lorentz-Drude cutoff (eq. (1.2.91)), the X (w)
at w = 0 become
42X kT

X —
ym(0) =—7 X (1.2.96)

By using eqgs. (1.2.79) and (1.2. 96), we can derive the working equation of the quantum master
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equation described in the following section.

2.3.2 Practical Imprementation of VCCs

In practical simulation of SF dynamics, the VCC parameters, which are represented as
reorganization energy A,,, and cut-off frequency {),,, are set as 50 and 180 meV for each mode,
respectively, which is obtained from Girland et al. performed by semi-empirical calculation.’ This
also approximates state independent spectral density. Moreover, we only consider Holstein
coupling because the magnitudes of Peierls coupling (VCCs on off-diagonal Hamiltonian) is only
about one-tenth and negligible.** This approximation is suitable because our interest in this study
is on the influence of electronic structure dependent on molecular aggregate structures on the SF
dynamics, and the selection of VCC parameters is expected to have small effect on the general
trends of structure—property correlations. However, in this section, we discuss the systematic
differences in outcomes that arise from the choice of VCC parameters.

Nagami et al. have analyzed state dependent VCC parameters in crystalline pentacene
and explained the trends of VCC peaks’ by utilizing vibronic coupling density proposed by Sato
et al. which is one of method to clarify the structural origin of VCC values.® They clarified that
VCCs for Holstein coupling CT states and Peierls coupling was contributed by the low-frequency
normal modes (under 250 cm™). This possibly enhance transition between adiabatic states with
small energy gap. Especially, it is suggested to be important to consider Peierls coupling to explain
SF in crystalline rubrene, where two molecules are arranged with face-to-face structure.” However,
Peierls coupling is much smaller than Holstein coupling and electronic couplings, and the change

of them is expected to have small impact on general trends of SF dynamics.

2.4. Relative Relaxation Factor
2.4.1 Adiabatic population dynamics of QME

In order to numerically solve eq. (I1.2.79), the time-evolution of the matrix elements of RDM
Ppq 1s obtained by acting adiabatic states (eigenvector of the system Hamiltonian) (i, | and [t),) from

the left-hand and right-hand side, respectively.

0 0
appq(t) = %(¢p|ﬂs(t)|¢q>
= _i<¢p|[HS:pS(t)]|lpq>
1
£ Vi @,0 | AR @y OAE @)]1g) - 5 (b |4X @Ak @01,
X w m

- % <¢p |ps (DAL (@)A% (@) |"l’q>]
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(1.2.97)

The first term in eq. (1.2.80) is
—i{yp|lHs, ps(D]1Yq) = =iy Hsps(£) — ps(OHslq) = =iy | Epps () — ps(©)Eq[1hg)
= _i(Ep - Eq)<¢p|p5(t)|¢q> = —iWyqPpq(t)
(1.2.98)
where wy,q = E}, — E; is energy gap between p’th and q’th adiabatic states and used eq. (1.2.40).
Because a set of eigenvectors consist of the complete basis set, the completeness relation
Y [w¥w;| = 1 holds. The matrix element of quantum jump operator AX (w) of Holstein coupling

term becomes

ol @) = > CraComplipltbe)sli)

@p
(Eq-Ep=w)

= CrpCmq 8 (@ — wpy), (1.2.99)

(| AT (@)|[Wg) = CiopCimgS(@ — wyp) (1.2.100)

and that of Peierls coupling term become

(WplAB@lba) = D CroaCurplhp )W li)

@p
(Eq-Eg=w)
= iy Crr g0 (@ — wpg). (1.2.101)
(ol Am (@)[g) = Crrry Crrg8 (@ — wep) (1.2.102)

The C,,, is the expansion coefficients of m’th diabatic states in a’th adiabatic states. By applying
these relations, the eq. (1.2.80) is rewritten by the coefficients of adiabatic states under diabatic
representation, which is the working equation of the QME for obtaining the time-evolution of the
RDM elements under adiabatic representation as follows:

d .
%ppq ) = —lWpgPpq ()

YD I@O| D CpConrCngCnsprs(®
m TS

Wpr=Wgs=wW

1
- E Z |Cmr|ZCmsCr*nppsq (t) + Z |Cmr|ZCqu;1spps (t)
Wrp =T(l’srs=w wsr=2’iq=w
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£ D@D D CpCunCraCrshrs(®
r,s

)
Wpr=wgs=wW

1
- E Z |Cm’r| Cn 'sbn ppsq(t) + Z |Cm'r| Cn q“n' gpps(t)
7,5 7,5
Wyrp=Wyrs=W Wer=Wsqg=w
(1.2.103)
Note here that the summation over m is taken as the pair of the index of the diabatic states (m’, n’).
The first term of this equation indicates the origin of quantum beating oscillating with the frequency

wpq = E, — E4, which express the coherent dynamics between the states p and g. The second and the

pa
third terms express the relaxation and the decoherence part of the quantum system due to the Holstein

and the Peierls coupling, respectively. Then, the time-evolution of the p’th adiabatic population

Ppp (t) is formulated as

d
ot Prp (®) = Z [51061 Z Zlcmpl |Conr 12V (“’pr' t) Zlcmpl |Cmq|2}’7§ (“’pqr t) Pqq(t)
m T

_Z 8pq Z Zlcm’plzlcn’rlzyrlrjl(wpr't)_ Z |Cm’p|2|Cn’q|2Vrlr)l(‘“pq't) Pqaq(t)

q m=(m'n') r m=(m'n")

(I1.2.104)
This equation is interpreted as the kinetic rate equation of the adiabatic population. Then, when the
rate constant of the transition from the state ¢ to the state p is denoted by the F#q (t)and T z?q (1), the
QME takes the form:

ppp(t) 2[ H(£) + TE ()] pg (©) (1.2.105)
with

I (0 = apq22|cmp| Conr PV (0 ) = Z|cmp| [Cmal Vi (0pqr ) 1.2.106)

and

2
F;q(t) = 61"1 2 2|Cm'p |Cn'r|2yrrr)1(wpr» t)
m=(m'n’) r

B Z |Cm'p2

m=(m'n")

Vi (@pgr t) (1.2.107)

2.4.2 Relative relaxation factor analysis

In general, the relaxation dynamics simulation of SF in molecular aggregate systems includes
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many excitonic states. It is convenient to compare the contribution of each state-to-state
relaxation path, which is conducted by relative relaxation factor (RRF) analysis produced by
Nakano and coworkers.®’ The population RRF between adiabatic states p and g is defined by the

difference of relaxation factors between p — ¢ and ¢ — p relaxation paths as follows.

AT,q = ATy + ATy, (1.2.108)
where the Holstein coupling term denoted as AFIE{q is
2
AT = 2|Cma|2|cm,;| [V (wpq, t) — Vi (wpa, £)] (1.2.109)
m
and the Peierls coupling term denoted as Aszq is
2
Alp, = 2 1Coa*|Crr g [V (@pgqr ) = Vi (@par )] (1.2.110)
m=(m'n’)

Since RRF is defined by the difference between the pre-coefficients of p,,(t) and pgq(t), it
corresponds to the net relaxation rate for the p — ¢ transition when these states have the same

population quantity. As seen from these equations, the total RRF consists of the product of the diabatic
. . . . 2 2 . . .
configurations in the adiabatic states (| Cypq |? |Cm [g| and |C,,,|? |C ' B| ) and the vibronic coupling

effects X (a)pq, t) —yX (a)[ga, t). Since |C',7,L0[|2|Cm/g|2 is referred as the exciton overlap terms,
the RRF is related to the contribution of diabatic states in each adiabatic state for the Holstein
coupling. In Markovian approximation, the relaxation rate y,X (cupq, t) becomes independent of
time. We show the distribution of JX (w, T), yix (@pq, t), and [V (wpg) — ¥m (wgp)] in Figure
1.2.2 with reorganization energy A =50meV , cut-off frequency Q.= 180 meV , and
temperature 7= 300 K. In conclusion, RRF is a powerful tool to interpret the results from the
quantum dynamics simulation by QME approach by individually discussing the contribution of
the Holstein and Peierls terms, exciton (electron) wavefunction and exciton-phonon coupling
factor.

150
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— Y(w)

100 —— RRF

501 j
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Figure 1.2.2. Plots of J3, (@, T), Y (@pg), and RRF ([¥mn(@pq) — ¥m(@gp)]) with (4, ;) =
(50, 180) meV with temperature being 300 K.
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Chapter 1.

Theoretical Study on Singlet Fission Dynamics in Symmetric

H- and J- Ring-Shaped Aggregate Models

Using the quantum master equation method, we investigate size and monomer configuration
dependences of singlet fission (SF) in pentacene J- and H-type ring-shaped aggregate (N-mer)
models. Interestingly, it is found that SF rates in the J-aggregate models monotonically decrease
with increasing N, while those in the H-aggregate models show different variation behaviors
depending on the parity of N, where the H-type pentamer model exhibits the maximum SF rate.
It is also found that correlated triplet-pair yields in the J-aggregate models rapidly increase from
~45 % toward 100 %, while those in the H-aggregate gradually decrease from ~96 % toward 0 %.
These features are explained by relative relaxation factor analysis between adiabatic states and by
the point group symmetry of the ring-shaped aggregate models. The present results contribute to
a deeper understanding of the correlation between the aggregate size, monomer configuration and
SF dynamics, and thus to constructing new design guidelines for highly efficient SF ring-shaped

aggregates.
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1. Introduction

As mentioned in the General Introduction, intermolecular interactions and aggregation topology
are predicted to have great impact on SF. Recently, the SF mechanism of linear and ring-shaped
aggregate models has been investigated by Nakano et al."' They focused on how the number of
consisting molecules N and periodical structure of molecular aggregates affect the SF rate and TT
yield, and it has been found that there exists an optimal aggregate size yielding the maximum SF
rate. However, the variation in intermolecular electronic coupling depending on the size of
aggregates has not been examined, though it is predicted to vary with aggregate size due to the
change of relative configuration between the neighboring molecules. Furthermore, there are two
types of ring-shaped aggregates defined as J- and H-type rings, where the intermolecular relative
configuration between neighboring molecules approaches to the J- and H-type linear aggregates,
and there have been no remarks on the difference of SF dynamics between these structures.

In this study, therefore, we investigate the dependences of SF rate and TT yield on the
aggregate size (N) in two types of pentacene ring-shaped aggregate models (J- and H-type
aggregates) using the quantum master equation (QME) method'? with explicitly considered
electronic couplings. Although these ring-shaped aggregate models are just theoretical systems,
investigation of SF dynamics in such systems is important for revealing a novel structure—SF
correlation and is intriguing since in photosynthetic systems, porphyrin ring-shaped aggregate
models are known to play an essential role in their efficient energy transfer by Frenkel excitons.
+ Also, recently, new types of acene based molecules with ring-shaped configurations, pentacene
based nanotubes, have been synthesized and found to exhibit SF with high quantum yields.” These
findings are expected to stimulate interest in the study on SF in ring-shaped systems. The
mechanism of the SF dynamics in the present ring-shaped aggregates is analyzed based on relative
relaxation factor (RRF) analysis, which can clarify the primary SF pathways between adiabatic
exciton states together with the origin of the relaxation rates."*'° Furthermore, we reveal the
fundamental correlations between geometrical structure and SF efficiency more generally by
examining the electronic couplings based on point group symmetry structures in ring-shaped
aggregate models in comparison with the linear aggregate models. These results are expected to
contribute to constructing more general and fundamental SF design guidelines for aggregate

systems with various geometrical structures and size.

2. Model and Methods

2.1. Model Structure

Figure 11.1.1 (a) shows the structure of J- and H-ring-shaped pentacene aggregate models, whose
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configurations are defined as being equal to the linear J- and H-aggregate models at the limit of infinite
aggregate size (N — oo in Figure II.1.1(b)). In these ring-shaped aggregate models, note that
completely delocalized Frenkel exciton states have no net transition moments from the ground state,
while in linear J- and H-aggregate models, the absorption spectra are red- and blue-shifted, respectively,
as compared to that of monomer. Geometry optimization of pentacene monomer is performed at
RB3LYP/cc-pVDZ level of approximation. We calculate the intermolecular electronic coupling using
the pentacene dimer unit as shown in Figure IL1.1(b) with R = 3.7 A and 6 = 180°/N (in the J-
aggregate) or 90°—180°/N (in the H-aggregate), where R indicates the intermolecular distance between
the neighboring carbon atoms in the zigzag edges, and 6 indicates the angle between the pentacene

monomer plane and the longitudinal axis in parallel to the R direction.'?

(a) J-Ring N-mer H-Ring N-mer
1. R

v N —
J- Linear aggregate H- Linear aggregate
—_ I L H

R R

Figure I1.1.1. (a) pentacene J- and H-type ring-shaped aggregate (N-mer) models. Infinite system
with N — oo corresponds to the J- and H-type linear aggregate systems. (b) substructure of dimer

unit in ring-shaped aggregate model.

2.2. Construction of Exciton Hamiltonian

In order to perform SF dynamics simulation for molecular aggregates, we construct Hamiltonian
in the diabatic representation. The total Hamiltonian is expressed as

H = Hey + Hpp + Hex—ph (I.1.1)
Here, Hex, Hpn, and Hey_py, are exciton, phonon bath, and exciton—phonon coupling Hamiltonian.
Here, we consider only Holstein coupling and thus the latter two Hamiltonians are described as
shown in egs. (1.2.42) and (1.2.46) with X = H. In this section, we introduce the diabatic exciton

basis representing FE, CT, and TT states as follows:

{Im)} = {IS1So **- So) = |FE1),[S0S1S0 *** So) = |FE3), -+, [SoSo -+- S1) = |FEy),
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|CASq -+~ Sg) = |CAy), [SoCAS -+ Sg) = [CAz), -+, [Sq - SoCA) = |CAy_1), |ASq - SoC) = |CAy),
|ACSg +- Sg) = |AC1), [SoACSg -+~ Sg) = |ACz), -+, [Sq -+ SoAC) = |ACy_1), |CSg -+ SoA) = |ACy),

[TTSq === Sg) = [TTy), [SeTTSg =+ So) = |TT2),++,[Sq *** SoTT) = |TTy_1), [TSo - SeT) = [TTy)}

(IL.1.2)
Here, diabatic exciton bases |ASgy -+ SyC), |CSy - SpA) and |TSy -+ SuT) reflect the periodic
structure of ring-shaped aggregate models. In this model, we employ only one (one pair) of
excitations for singlets (triplets), according to the previous singlet fission studies. ' Furthermore,
all TT states are located on adjacent monomers, i.e., the migration of triplet excitons are ignored.
The numbers of FE, CT and TT bases for the ring-shaped N-mer are N, 2N, and N, respectively,
resulting in the total number of bases, 4N.

In exciton Hamiltonian Hey, we consider only intermolecular coupling between nearest
neighboring molecules. While it is theoretically possible to include the interactions between more
distant molecules by expanding diabatic electronic state basis and by adding corresponding
electronic couplings, such contributions are negligible compared to those involving nearest
neighbors. The approximate exciton Hamiltonian is expressed as

H,, = Hgg + Her + Hpr + Hipt (I.1.3)

where the FE, CT, and TT Hamiltonians is represented as

N N-1
Hpg = 2 E FIF; + Vy (2 FlFiy + FiF + b c.) (11 1.4)
i=1 i=1
N-1 N-1
Hep = 2 EacCllipsCiinr + 2 EcaCl 1 Civri + EacCll 1 Cna + EcaClyCiy  (IL1.5)
i=1 i=1
N-1
Hrr = ) ErtTfiyTosen + BorT T (I1.1.6)
i=1

Here, FiT (F;) represents the creation (annihilation) operator for an FE state at the ith monomer,
C iJ,rj (Cj ;) represents the creation (annihilation) operator of an anion (A) and a cation (C) at the ith
and jth monomers, respectively, and TiTj (T; ;) represents the creation (annihilation) operator of
two triplets over the ith and jth monomers. The term 4.c. indicates the Hermitian conjugate of the
terms already included in each parenthesis.
Interaction Hamiltonian between different diabatic states are described as follows,
Hine = Hrg/cr + Heryr (I1.1.7)
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where the FE-CT coupling and CT-TT coupling terms are described as

N-1
Hpg/cr = V5150/AC (2 FCiioq + FiCyq + . c.)

i=1

=

-1
+ Vsls(]/CA ( FTCl+1,l + FI$CLN + h C)

L

Il
Y

i

+ VSoS1/AC ( Fi-r-l-lci,i+1 + F1TCN.1 + h. C')

i

=
-

1l
ey

=
-

4 VSoS1/CA ( Fl Ciyri + FlCy + R c.)

i

Il
Y

(11.1.8)

N-—
Heryrr = yTT/Ac (Z ti+1Ciivr T TN 1Cn1 + h.c. )
-1

+ pTT/CA (Z 1 Cirn + o Ciy + h.c. )

(I.1.9)

Because we here consider the symmetric ring-shaped aggregates composed of identical
monomers with the same interactions, FE exciton energy (Es,s,) at all monomers, CT energies
(Eca and Ep() at all neighboring monomers, and TT energies (Ett) are equal, respectively, and
are referred to as Epg, Ecr, and Epr, respectively. Furthermore, in the off-diagonal matrix
elements, there are some relationships between electronic couplings derived from symmetry
structure of ring-shaped aggregates. First, the FE coupling between SiSo and S¢S; at the
neighboring monomers, which are described as V5150/5051 and [75051/5150  are equal to each other
and they are referred to as V.. Second, two types of the FE-CT couplings, 1/ 5150/CA = y7S0S1/AC

VS1S0/AC

and = VS051/CA are considered. Third, there are also two types of the CT-TT couplings,

VTT/CA and VTT/AC Note that the variation in intermolecular couplings depending on aggregate
size is explicitly considered by calculating Hamiltonian matrix elements for all N, in contrast to
the previous study."’

In this study, all the matrix elements of Hex are calculated using the CAM-B3LYP /cc-
pVDZ method, where the optimized geometry of pentacene monomer is obtained at RB3LYP

level of approximation, which is known to well reproduce that obtained at higher level of
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approximation like spin-flip density functional theory (DFT)."" The FE exciton energy Err and
TT energy Err are approximated by E(S:) and 2E(T;) (where E(S:) and E(T)) indicate the
excitation energy of the singlet and the triplet excited state, respectively, at the monomer), and
they are calculated using the time-dependent (TD) DFT and Tamm-Dancoff approximation (TDA)
methods,'? respectively. The CT exciton energy Ecr for the dimer model is estimated by

Ecr = Ec + Ep — Ex + Egtatic (IL.1.10)
where Ec, Ea and Ex represent the self-consistent-field (SCF) energies of the C, A, and neutral
(N) states, respectively. The electrostatic interaction between the C and A monomers in the dimer
configuration is approximately calculated by

Bovarie ~ ) ) 221 (IL1.11)

T
meC neA mn

where ¢, and g, indicates the Mulliken atomic charges at the atom sites m (in C monomer) and n
(in A monomer), respectively, and 7., is the distance between sites m and 7.
The off-diagonal matrix elements of He are calculated by egs. (I.1.24) — (1.1.30) in
Chapter 1.1.2 described as'>'*
V5150/CA = (CA|Hey|S:S0) = (LalFllg) + 2(halallpha) — (halalhalp) = Vi, (Il. 1.12)
VE$150/4C = (AC|Hex|S1S0) = —(halFlhg) + 2(halallahs) = (halalhpla) = —Vau  (I1.1.13)

YTT/CA = (TT|H CA=§th Lyglhglg) — {Lyhglhgh,)] =~ EV 1I.1.14
= (TT|H,x|CA) 2[(A| |hg) + (l4lg|hplp) — {lahg|hgha) 5 /LH (I1.1.14)

VTT/AC = (TT|H AC=§hFl hals|lgly) — (hahg|lgh ~§V 11.1.15
= (TT|Hx|AC) 2[(A||B>+(AA|BA> (hahgllghg)] = ZHL(-- )

Vex = (S1S0lHex|S0S1) = 2{Lahg|halp) — (Lahpllphy)

~ 2(lahg|halp) = 2 PmPn

T
meC neA mn

(11. 1.16)

where Ay and Ix represent the HOMO (the highest occupied molecular orbital) and the LUMO
(the lowest unoccupied molecular orbital) of monomer X (X = A, B: different monomers in the
dimer models). The Vj; (= (i|F|j}) is the Fock matrix, and (ij|kl) indicates a two-electron integral.
In eqs (II.1.12)-(II.1.15), we approximately calculate these electronic couplings using the
corresponding Fock matrix elements, because two-electron integrals are known to be much
smaller than one-electron integrals.'”” In eq. (IL.1.16), p,, and p, are the Mulliken transition
densities at atom sites m [in monomer A (hy — l,)] and # [in monomer B (hg = )], and 7y, is
the distance between sites m and n. The quantum chemical calculations in this study were

performed by Gaussian 09'® and exciton dynamics simulation was done by a home-made
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program.® The atomic units (m = c = k = 1 a.u.) are used for expressions of equations in this study.

2.3. Quantum Master Equation

To investigate the quantum dynamics of exciton relaxation (SF dynamics), we used the second-
order time-convolutionless (TCL) QME method, which describes a time evolution of the reduced
density matrix for the exciton system weakly coupled with the phonon bath. The second-order

TCL QME under the Markov approximation is represented by®!"'®

d .
Epex(t) = —i[Hey, pex(t)]

1
D In(©) A (@)Pe(OAn (@) = 5 {An(©) A (@), pex (D

(1. 1.17)
Here, A (@) = Xgg-£=w AN Am |BXBI, where {|a) (= Xm Cmq|m))} and E, represent an

eigenstate (adiabatic exciton state) and an eigenvalue of Hey, 1.€., Hex|a) = E4|a). The relaxation

parameter y,, (w) under the Markov approximation is expressed as®'®

2nJ¥ (w)(1 — ng(w, T)) (w>0)

2nJX (—w)ng(—w, T) (w>0)

ANX Je T
hz0X

Ym(w) = (11.1.18)

(w=0)

where ng(w, T) is the Bose—Einstein distribution at temperature 7, and J,,,(w) is the spectral
density of the Holstein vibrational modes of the mth diabatic exciton state. The spectral density
Jm (@) is approximated by an Ohmic function with a Lorentz-Drude cutoff,*"’

1 24,00

]m(w) =

where 4, and (2,,, indicate the reorganization energy and the cutoff frequency, respectively, in the
mth diabatic exciton state. This spectral density indicates a distribution with a peak value of A,,, /m
at £2,,, vibrational mode. In this study, we adopt the approximation that the spectral density is
identical (A = 4,,,, 2 = ,,,) for different diabatic exciton states, though the effects of the state-
dependent spectral densities are discussed in previous paper.! Namely, we focus on how the
variation of intermolecular electronic couplings, which depend on the size and the structure of
aggregates, affects the SF dynamics.

In this Chapter, we numerically solve eqs (II.1.17) with Holstein vibronic coupling at 7= 300
K using the eight-step and sixth-order Runge-Kutta method. We employ (4, 2) = (50,180) meV
in eq. (II.1.19) for all diabatic exciton states, the parameter of which is known to be typical for

acenes and other conjugated organic molecules.”” The time evolution of diabatic TT exciton
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populations Prr(t) is fitted with a single exponential function Ppr(t) = a — bexp(—kt) to
evaluate the SF rate k (ps™) and TT yield (a), with the initial population of |S;Sg -+ Sp) is 100 %.

2.4. Relative Relaxation Factor (RRF) Analysis

In order to reveal the origin of the exciton dynamics in SF process, we employ RRF analysis,
which can clarify the relaxation between the adiabatic exciton states {|a)}. In the case of Holstein

coupling under the Markov approximation, RRF is defined by*'°

Ar(@ = B) = ) 1Cmal?| G| [m(@0ap) = Ym(@5a)] (11.1.20)

where wqp = W, — wg (wq: the eigenenergy of the adiabatic state |a)), and ym(waﬁ) and
ym(a)ﬂa) on the right-hand side indicate the relaxation rate from state « to § and that from state
B to a, respectively, due to the vibronic coupling. The positive and negative values of
AT (@ — B) indicates the exciton relaxation from « to 3, and that from £ to a, respectively. The
amplitude of AI'(a — ) indicates the magnitude of net relaxation rate between states a and f3,
which becomes large when both the adiabatic states a and § include common diabatic exciton

configurations as seen from |Cpne|?|Cprp|? in eq.n (I1.1.20).

2.5. Point Group Approach to Analyze Symmetry Structure of Exciton States

We investigate how structural symmetry in pentacene-based J- and H-type ring-shpaed aggregate
models affects the mixing of adiabatic electronic wavefunctions using a point group theoretical
approach. To clarify the origin of state mixture among the symmetry-adapted siabatic FE, CT, and
TT exciton bases, we propose the following systematic, group-theory-based procedure.
1. Assignment of the point group
Choose an appropriate point group G for the aggregate system.
2. Definition of monomer orbitals
Define the HOMO and LUMO localized on each monomer X (X = 1,---, N), labeled Ax and
Ix, respectively. In the ring-shaped aggregate N-mer, sy and /x are obtained by rotating the
first MOs /4; and /; around the principal N-fold rotational axis of D, (or its subgroup Cyy).
3. Transformation under symmetry operations
Determine how the sets {/x} and {/x} transform under each symmetry operation in G. This
analysis uniquely specifies how the symmetry operation acts on the diabatic exciton bases
shown in eq. (II.1.2).
4. Construction of reducible representations
Obtain the reducible representations I'Y [Y = FE, CT (or CA, AC), TT] and their characters
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xY(R)) [where R; (i = 1,-+, g) indicates the symmetry operations in point group G, and g
is the number of symmetry elements] under the diabatic exciton basis {|FE)}, {|CT)} (or
{|CA)} and {|AC)}) and {|TT)} are obtained.

5. Decomposition into irreducible representation
Resolve each reducible representation I'Y into its irreducible representation (I3, of the point
group G, and is expressed as

Iy = Z ol (I.1.21)

a
where the c, denote the number of energy levels, which belongs to the irreducible
representation [, among the energy levels of the diabatic exciton state Y. The c, is

calculated using
1
cw =7 ) XalROX'(R) (11.122)
i

Here, x;(R;) is the character corresponding to the symmetry operation R; in irreducible
representation I, which is obtained from character table of the point group G.

6. Obtain symmetry-adapted linear combination
Finally, the new exciton basis that diagonalizes each diabatic exciton block in the Hex matrix
is given by the symmetry-adapted linear combinations (SALC) of the diabatic exciton bases.
Their irreducible representations are determined using the character table in conjunction with
the transformations found in step (3). Notably, there are no electronic couplings between

symmetry-adapted exciton bases belonging to different irreducible representations.
3. Results and Discussion

3.1. Electronic Couplings

In this study, we discuss the variation of intermolecular electronic couplings, which is dependent
on the aggregate size (V: 3 < N < 15). Asaresult of quantum chemical calculations, the Frenkel
exciton energy Erg, and the double triplets state energy Etr are given as 2250 meV, and 2072 meV,
respectively, which are approximated to be identical for all N. Thus, only the energy of CT state
Ecrt, and FE coupling Ve, and electronic couplings are found to depend on N. Figure I1.1.2(a)
shows the variation in CT energies Ecr in J- and H-ring-shaped N-mers with increasing N, which
indicates that Ect in J-(H-)aggregates increases (decreases) with increasing N. Figure 11.1.2 (b)
and (c) show the N-dependences of intermolecular electronic coupling (Vun, Vi, Vi, Vin, and
Vex) in J- and H-aggregates, respectively. As seen from Figure 11.1.2 (b), the amplitudes of Vu,

Vir, Vi, Vi, monotonically decrease with increasing N. On the contrary to J-aggregate, Figure
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I1.1.2 (¢) indicates that the amplitudes of Vuu, and Vi1 monotonically increases in H-aggregate,
while those of Vi and Vin increase up to N =9, and slightly decrease for larger N. Figure 11.1.2
(b) and (c¢) indicate that the amplitudes of V. are almost constant between 40—60 meV for all M.
This is because the angle 0 in Figure I1.1.1 (b) increase in H-ring on the contrary to the J-ring
model. When angle 6 increase, the m-orbital overlap between the adjacent monomers approaches
to face-to-face stacking structure. The sign of electronic couplings is explained from the
distribution of HOMO, LUMO, and transition dipole moments in dimer structure shown in Figure
I1.1.3. Figure I1.1.3 (a) represents the phase of HOMO and LUMO, and transition density (~
HOMO x LUMO). The Vu and Vir shows negative value in J-ring model because of in-phase
relationships in HOMO — LUMO and LUMO — HOMO pair (Figure 11.1.3 (b)), while the other
shows out-of-phase relationships (Figure IL.1.3 (b) and (c)). As we described in General
Introduction, FE coupling Ve become negative in J-ring because of the negative integrand of eq.

(II.1.16), on the contrary to the H-ring model.
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Figure I1.1.2. Aggregate size (V) dependences of (a) the localized charge transfer (CT) state
energies Ecr in J-(blue) and H-(red) aggregates, and of the off-diagonal matrix elements of exciton
Hamiltonian: Vj (i, j = H, L), and Ve in (b) J- and (c) H-aggregates. Note here that Vi, = Vin in H-

ring system.
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Figure 11.1.3. (a) Spatial phase distributions of the HOMO, the LUMO, and the transition density of
pentacene monomer, and phase distributions of the HOMO and the LUMO of the dimer unit in
pentacene (b) J- and (c) H-ring-shaped aggregates at N = 6.

3.2. Size Dependency of SF rates and TT yields

We investigate the time-evolution of diabatic exciton {FE, CT, TT} population for J- and H-type
ring-shaped aggregate N-mer models (3 < N < 15) by solving QME using the 6-order Runge-
Kutta method with the initial population localized in |S;Sy -*+ Sp). Figure I1.1.4 shows the time-
evolution of diabatic exciton states {FE, CT, TT} populations for J- and H-aggregate models with
N=3,5, 8. InJ-aggregate model (Figure I1.1.4(a)-(c)), it is found that SF rates £ monotonically
decrease [k = 0.682 ps™ (3-mer) — 0.0710 ps™ (8-mer) in FE coupling case], while TT yields a
monotonically increase [a = 44.9 % (3-mer) — 95.6 % (8-mer) in FE coupling case]. On the
other hand, as seen from the results of the H-aggregate 3-mer and 5-mer models in FE coupling
case (Figure I1.1.4(d) and (e), SF rate of 5-mer is enhanced as compared to that of 3-mer by a
factor of ~24 [k = 0.352 ps™'(3-mer) — 8.46 ps™ (5-mer)], though the TT yield slightly decreases
[a = 95.6 % (3-mer) — 78.0 % (5-mer)]. Since the population of the diabatic TT state in H-
aggregate 8-mer shows a rapid increase at first, but then follows the gradual decay to a constant
value (see Figure I1.1.4 (f)), it is impossible to fit the time-evolution of the TT population with
single-exponential function, and thus the SF rate in H-aggregate 8-mer is not determined.

To clarify the size dependences of SF dynamics in the J- and H-type ring-shaped
aggregates in more details, we investigate the variation in TT yield a (Figure 11.1.5 (a)) and SF
rate k (Figure IL.1.5 (b)) as a function of N (3 < N < 15) (Figure I1.1.5). Figure I1.1.5 (a)
indicates that the TT yield in the J-type ring-shaped aggregate is found to monotonically increase

with increasing N from a = 44.9 % toward about 100 %. Although SF rate in J-ring shows
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monotonical decrease with increasing N, that in the H-ring model show more complicated size
dependences. Interestingly, the zigzag plot in Figure I1.1.5 (b) indicates that the SF rate % is
enhanced when » is odd number without significantly sacrificing the TT yields a, and there exist
an optimal aggregate size at N = 5 yielding the maximum SF rate. In the following section, we
focus on the origin of zig-zag behaviors of SF rate in H-ring model by using point group theory:

examine the irreducible representation of SALC of diabatic basis by comparing H-even and odd
rings.

(a) N=3 (b) N=5 (c) N=8
Vi =-45.97 meV Ve =—49.83 meV Vg ==52.98 meV
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Figure 11.1.4. Time-evolution of diabatic exciton states {FE, CT, TT} populations in SF dynamics of

pentacene ring-shaped J- [(a)-(c)] and H- [(d)-(f)] aggregates for N =3 [(a),(d)], 5 [(b), (¢)], and 8 [(c),
()]. SF rate k [ps™'] and TT yield a [%] are also shown.
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Figure I1.1.5. N-dependences of (a) TT yield a [-] and (b) SF rate k [ps™'] in pentacene J- and H-ring-
shaped aggregate models.

3.3. Effects of Symmetry on the Adiabatic Electronic States

In this section, we discuss the effects of spatial symmetry structure in pentacene J- and H-ring-
shaped aggregate 3-mer and 4-mer models on the electronic couplings between FE, CT, and TT
diabatic exciton states using group symmetrical approach. Then, by extending the obtained results
to any N-mers, we reveal the reason why SF rate & in only H-ring models depends on the parity
of N. In Section I1.2.5, we presented a systematic method to construct SALCs of diabatic FE, CT,
and TT states, respectively. Using this method, we discuss the electronic couplings between the
symmetry-adapted FE, CT, and TT diabatic exciton bases, which belong to common irreducible
representations. In ring trimer systems, we consider a novel set of SALCs of diabatic exciton
bases {FE(a)-(c), CT(g)-(1), TT(d)-(f)}, which are obtained by diagonalizing each diabatic exciton
block of the Hex matrix. The detail formalism of SALCs of diabatic FE, CT, and TT states and
their irreducible representations are summarized in Table A.1 for J-ring trimer (J3) and H-ring
trimer (J4), and in Table A.2 for J-ring tetramer (J4) and H-ring tetramer (H4). The graphical
illustration of the coupling structure between SALC states are given in Figure II.1.6 for trimer
systems and Figure A.1 for tetramer systems.

The order of adiabatic FE-like state (FE’) energy is explained by the superposition of
diabatic states in FE’. In J-ring, since the sign of the V. is negative and FE(c) is strongly coupled
with CT states as shown in Figure I1.1.6 (a), the lowest adiabatic FE’ state is composed of in-
phase superposition of diabatic FE states with mainly contributed from FE(c) in J3 model. On the
other hand, the lowest adiabatic FE’ state are composed of out-of-phase superposition of diabatic
FE states which is mainly described as the superposition of SALC diabatic states FE(a) and FE(b).

In the 3-mer model, the correspondences between symmetry adapted diabatic basis and its
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irreducible representations are {FE(a, b) [E], FE(c) [42/41], CT(g) [42/4:1], CT(h, i) [E], CT()
[41/42], CT(k, 1) [E], TT(d) [41], TT(e, f) [E]} in J-/H-rings, respectively, where the symbols in
square brackets show the irreducible representation of the point group C3, to which the SALC of
diabatic base (bases) belongs. Because there is no symmetry adapted diabatic TT basis belonging
to irreducible representation 4, in both J- and H-ring-shaped aggregates, diabatic basis FE(c) in
J-aggregate 3-mer has no electronic couplings with TT(d) basis via diabatic CT bases, while all
symmetry adapted FE bases in H-aggregate have FE-CT-TT couplings. Thus, in J-aggregate, the
lowest-FE’ (FE’(c)) and TT’(d) states do not involve TT and FE configurations, respectively, so
that an approach of FE’(c) to TT’(d) is not expected to accelerate the SF rate.! On the contrary,
the lowest-FE’ ((FE’(a,b))) and TT’(e-f) states in H-aggregate model involve TT and FE(a or b)
configurations, respectively.

Second, we focus J- and H-ring-shaped 4-mer models. Like the 3-mer model, we
consider a novel set of SALC diabatic exciton bases {FE(a)-(d), CT(i)-(p), TT(e)-(h)}. From the
same reason for 3-mer models, FE’(d) and FE’(a), of which the configurations are composed of
the all in-phase (out-of-phase) superpositions of diabatic FE states, becomes the lowest-FE’ state
in J4 and H4, respectively. From Figure A.1, the reason why the lowest adiabatic FE’ states in
both 4-mer does not involve TT states is explained by the irreducible representation: the lowest
FE’ states belong to the irreducible representations 4, (B1), and there are no symmetry-adapted
diabatic TT bases belonging to such an irreducible representation, while the next lowest FE’ states
involve TT configurations because of the existence of the TT bases belonging to E. This feature
— the lowest-FE’ does not involve the TT configurations — is predicted to hold for all even-ring
models, because it arises from the reflection symmetry o, and 6.. Here, 6, (c,4) represents a vertical
(dihedral) mirror plane including primary N-fold axis and either passes through the pentacene
longitudinal axis (or lies between adjacent pentacene molecules) in ring-shaped aggregate models.
Consequently, as in the J3 model, the approach of the lowest-FE’ state to the TT’-manifold in J-
(H-) aggregate even-ring model does not accelerate the SF dynamics, whereas the degenerate
next-lowest-FE’ states do promote SF due to their involvement of TT configurations.

In conclusion, it is found that the non-degenerate lowest-FE’ state in J-aggregate models
and H-even-ring models do not involve configurations of diabatic TT bases, while the degenerate
lowest-FE’ state in H-odd-ring models involve them. From the definition of RRF in eq. (I1.1.20),
exciton overlaps of adiabatic exciton states have an impact on the population relaxation dynamics

from the lowest-FE’ to TT’-manifold.
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Figure I1.1.6. Electronic couplings between symmetry adapted diabatic basis {FE(x) [x
= a-d], CT(x) [x = i-p], TT(x) [x = e-h]}. The red characters indicate the irreducible
representation of each basis for point group Csy. The two direction arrows with

corresponding non-zero electronic couplings are also shown.

3.4. RRF Analysis

In order to clarify how the symmetry of exciton states affect the SF dynamics, we here conducted
RRF analysis for J3 and H5 models. Note that the value of 8 in J3 model is 60° which is close to
that in H5 model with 54°. This means that the w-orbital overlap is smaller in H5 model than J3
model, however, more efficient SF occurs in H5 model rather than J3 model with 12 times and
1.7 times larger value of SF rate and TT yield as shown in Figure I1.1.4 (a) and (e). Figure 11.1.7
and Figure I1.1.8 shows the adiabatic exciton FE’ and TT’ states with RRFs for J3 and H5 models.
The spatial distributions of diabatic exciton states {FE, CT, TT} at each monomer and coefficients
{Cma} for diabatic configurations m are also shown at several adiabatic states.

From RRF analysis, the SF process is found to occur in two steps: (i) fast relaxation

from high-lying FE’(a) and FE’(b) to low-lying FE’(c) states, (ii) slow relaxation from the lowest
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FE’(c) states to the TT’ states until reaching the thermal equilibrium population. In J3 model, the
slow relaxation from FE’(c) to TT’” manifold is found to originate from only the exciton overlap
of CT configurations between these states (CT-mediate path), because there are no common
FE/TT exciton configurations in FE’(c) and TT’(d). The reason why FE/TT mixing do not arise
is mentioned before: because the lowest FE’(c) and TT’(d) belong to different irreducible

representation.
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Figure I1.1.7. Adiabatic exciton states with RRFs in J3-ring. Since RRF is proportional to the exciton
density |Cina|* (see eq. (11.1.20)), the coefficients {Cm,} for diabatic exciton basis m included in each
adiabatic state o are also shown. The states enclosed in rectangles indicate degenerate states. The
number under each adiabatic state indicates the energy ascending order, where the number in red
indicates the lowest state(s) in each adiabatic manifold {FE’(a-c) and TT’(d-f)}. Ej indicates the

energy differences (meV) between adiabatic states, £ = E; — E;.

On the other hand, in H5 model, the degenerate FE’(a, b) states, which involve diabatic

TT configurations, are close to near-degenerate TT” manifold with energy gap E,; = 25.8 meV,
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resulting in the large exciton overlaps of FE/TT configurations between FE’(a, b) and TT (i, j)
(see the exciton density in FE’(a) and TT (i) in Figure I1.1.8). This feature is found to activate
the SF process because novel relaxation pathways from higher-lying FE’ states (FE’(c, d)) to TT(i,
j) opens, and the pathways from the lowest-FE’ states FE’(a, b) to TT’ states are also enhanced.

HS, Ve =46.36 meV, E,; =25.8 meV
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Figure 11.1.8. Adiabatic exciton states with RRFs in pentacene HS model in FE coupling case. See

the legends of Figure 8 for further explanation.

3.5. Size Dependence of SF dynamics in Pentacene Ring-Shaped Aggreqates

From the viewpoint of adiabatic energy matching conditions and SF acceleration mechanism, the
general trends of TT yield and SF rate in J- and H-ring shaped aggregate systems are explained
by investigating the N-dependences pf lower-edge of adiabatic state energies. Figure I11.1.9 shows
the trends of energy of lowest FE’, the next lowest FE” and TT’ states as functions of consisting
molecules N. In J-ring systems, Figure I1.1.9 (a) indicates that the energy of the lowest FE’ state
rises with and moves away from TT’ manifold with increasing N. This is because the n-orbital

overlaps between neighboring molecules decreases with increasing N, which leads to the
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reduction of the CT exciton configurations in the lowest FE’ state. This feature of the relative
intermolecular configuration in J-aggregate model results in the reduction of RRFs from the
lowest FE’ state to TT’ states, which originates from only the common CT exciton overlaps
between FE and TT, and of the SF rate & with increasing N. As a result, TT yield rises with

increasing N because the energy gap between the lowest FE’ states and TT’ manifold increases.
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Figure 11.1.9. Size dependences of the energies of the adiabatic states, i.e., the lowest FE’, the next
lowest FE’ (the lowest FE’+1) (blue), the lowest and the highest states in TT’ manifold (red), as a
function of N in (a) J-ring, b) H-type odd-ring and B) H-type even-ring.

On the other hand, the H-aggregate ring-shaped aggregate model exhibits more complicated
size dependence of SF dynamics, and shows different tendencies from J-aggregate ring-shaped
aggregate model in the following two points. Because the parity of N has a significant role on the
SF rate in H-ring model, we separately plot the lowest and the next lowest FE’ state energies and
TT’ energies for H-odd (Figure I1.1.9 (b)) and H-even rings (Figure I1.1.9 (¢)). Since FE-CT-TT
couplings in the lowest FE’ states exist for odd N, but not for even N, the optimal N yielding the
maximum SF rate is found to correspond to N at which the lowest FE’ states are the closest to TT’
manifold in odd-ring. This is because FE and TT states whose irreducible representation are equal
to each other are strongly coupled, i.e., FE’ and TT’ states include a large amount of FE and TT
configurations, and thus novel relaxation paths open from the high-lying FE’ states to TT’
manifold. As shown in Figure I1.1.9 (b) the system satisfying this condition is predicted to be
only the H5 model. In H6 model, the energy of the next lowest FE’ state is too high to arise the
FE/TT mixing. In H8 model, where the next lowest FE’ state is degenerated with TT” states, the
fast population relaxation occurs as shown in Figure I1.1.4 (f). However, the energy of the lowest
FE’ state is so lower than TT’ states that TT yield becomes low and the backward process occur
after TT state generation in few femtoseconds. Nevertheless, it is possible to design the aggregate
systems which are not predicted to be optimal in this study by tuning the energy levels of

monomer and coupling amplitudes (m-orbital overlaps) to meet these conditions.
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4. Conclusion

In this study, we investigate the SF dynamics of pentacene J-type and H-type ring-shaped
aggregate models to clarify the size () and the configuration dependences of SF rate and TT
yield with electronic couplings explicitly depending on the aggregate size N. In the H-aggregate
models, SF rate increases when N is odd number, where the H-type pentamer model exhibits the
maximum SF rate (k = 8.46 ps™) in FE coupling case, while the SF rate in the J-aggregate models
shows monotonical decrease from 0.682 ps™ to 0 with increasing N. It is also found that TT yields
monotonically increase from ~45 % toward 100 % (decrease from ~96 % toward 0 %) in J-
(H-)aggregate models.

These relationships between SF dynamics and the geometry of pentacene J- and H-ring-
shaped aggregate models are explained using symmetry structure and RRF analysis. The feature
of SF rate depending on the parity of N is found to originate from whether or not the lowest
adiabatic FE’ state include the diabatic TT exciton configurations, which depends on the
symmetry of the aggregate system. This feature affects the relaxation process from the lowest FE’
state to TT’ states. When the lowest adiabatic FE’ states is allowed to include TT configuration,
the relaxation from the FE’ manifold to the TT’ manifold is accelerated due to FE/TT mixing
when the lowest FE’ state is close in energy to TT’ manifold. On the other hand, when the lowest
FE’ is prohibited to mix with TT states, this enhancement of relaxation process occurs when the
next lowest FE’ states approach TT’ states. In such cases, however, the population backflow
occurs from the TT’ manifolds to the low-lying FE’ states if the energy of FE’ state is sufficiently
lower than TT’ states, like H-ring 8-mer in this study.

From the present results, it is predicted that the efficient SF materials can be obtained
by the following procedures: (i) investigating the irreducible representation of the symmetry
adapted diabatic exciton basis to clarify the condition to increase the SF rate due to the large
mixing of FE/TT states, and (ii) investigating which FE state can give the lowest FE’ state and
whether this state is coupled with TT states, and (iii) tuning the energy levels of monomer levels
(relative energy levels of FE, CT, and TT) of monomer and the intermolecular configurations to
satisfy obtained conditions by using RRF analysis. Furthermore, we have clarified the importance
of investigation of SF dynamics in the new types of ring-shaped aggregate models such as broken
spatial symmetry systems as described in the next Chapter I1.2 as well as of examining the effects
of Peierls coupling on SF dynamics. The present results contribute to the comprehensive
understanding of the correlation between the size and the structure of ring-shaped aggregate
systems and SF dynamics as well as to the construction of new design guidelines for highly

efficient SF ring-shaped aggregates.
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Appendix

A.1. Symmetry Adapted Linear Combinations of Diabatic State Basis

Table A.1. Symmetry adapted diabatic exciton basis and its irreducible representations of

point group C3y in pentacene J- and H- aggregate trimer (J3 and H3, respectively).

Irreducible  Irreducible

Symmetry adapted diabatic basis representati  representati
on in J3 on in H3
1
|[FE(a)) = ﬁ{—|s1soso> + 1S0S051)) E E
1
|FE(b)) :ﬁ{—|515050>+2|505150>_ 1S0S051)) E E
1
|[FE(c)) = ﬁﬂslsoso) + 1S051S0) + [S0S0S1)} A2 A
1
ICT(g)):ﬁ{|CASO)+IACSO)+ISOCA)+|SOAC)+|ASOC)+ A> Al
1
|CT(h))= E{ — 2|CAS()+|ACSy)+|S,CA) E E
— 2|SyAC)+|AS,C)+|CSyA)}
1
[CT(@)=5{ — |ACSo)+|SoCA) — |ASC)+|CSoA)} E E
) 1
ICT ()= = {ICASo) — |ACS0)+14CA) P B
) — |SoAC)+]AS,C) — |CSoA)}
ICT(k))=7{ — |ACSo) — [SoCA) + |ASoC)+]CSpA)} E E
1
ICT()= E{ — 2|CASq) — |ACS()+(SeCA) £ £
. + 2|SyAC)+|AS,C) — |CSpA)}
|TT(d)) = ﬁﬂTTSO) + |SoTT) + | TS, T)} Al Al
1
|TT(e)) = ﬁ{—|TTSO) + 2|S,TT) — | TS, T)} E E
1
ITT(D) = ﬁ{—ITTSo) + |TSoT)} E E

Table A.2. Symmetry adapted diabatic exciton basis and their irreducible representations

of point group Csy in pentacene J- and H- aggregate trimer (J4 and H4, respectively).

Irreducible Irreducible
Symmetry adapted diabatic basis representation  representation
in J4 in H4
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IFECD) = 5 (~151505050) + IS0S:SoSo)

~ 190S5S150) + [5656552))
IFE()) = 5 (15:8085S5) — 150515050)

~ 190S5S150) + [5050552))
IFEO) = 5 (~15:S0S0S0) — 15051555)

+ 1S0S051S0) + [S0S0S051))
IFE(@)) = 3 (1S1505650) + [505:5555)

+ 1S0S051S0) + [S0S0S051))

(ICASyS,) + |ACS,Sy) + |SoCAS,)

+ |SeACS,) + 1SoSoCA) + [SgSeAC)
+ |AS,SoC) + |CSpSoAY)

1
ICT(G)) = 5 (1S0CAS,) + ISoACS,) — |ASoS,C)

1

ICT() = 7

— 1CS5S0A))
[CT(0) = 7 (ICASSo) + ACS0S0) — [SSCA)
— 1S0S0AC))
CT(D)) = %(lCAsosa — JACSoSo) — [SCASo)
+ 1SoACSo) + |SoSoCA) — S5SoAC)
— |AS(SoC) + |CSpSpA))
ICT(m)) = %UCASOS(» — JACSoSo) + [SaCASo)

+ |AS;SoC) — |CSpSoA))

1
ICT(n)) = 5 (IS0 CASp) — ISoACS,) — |ASoS,C)

+ |CS(SpA))
1
|CT(0)) = E(_ICASOSO> + [ACSSy) + [SSoCA)
— |SoSoAC))

1
ICT(p)) = E(ICASOSO> + |ACS(Sg) — [SoCAS,)
— |ASSyC) — CSeSoA))

1
ITT(e)) = 5 (ITTSoSo) + ISoTTSo) + ISeSeTT)
+|TSoS,T))

1
ITT(H) = ﬁ(_“‘TSOSo) +1S0SoTT))

91

A>

B>



1

|TT(81)> = ﬁ(|SoTTSo> —|TSeSeTH) E E
ITT(h)) = E(_lTTSOSO> + 1SoTTSg) — 1SoSoTT) B, B,
+ [TSeS,T)H)
(a) J4 (b) H4

Coupling between FE(a) and TT(h)

No coupling between FE(a) and FE(h)

No coupling between FE(d) and FE(e) Coupling between FE(d) and TT(e)
Vi = V2(|Vigy|+|ViL]) = 357 meV
Vo = V2(|Vuul—IViL]) = 74 meV
Vs = |Vuul — [Vl = 52 meV
V4 = |VHH| + |VLL| = 253 meV
Vs = V3|VLg| = 254 meV
Figure A.1. Electronic couplings between symmetry adapted diabatic basis {FE(x) [x =
a-d], CT(x) [x = i-p], TT(x) [x = e-h]}. The red characters indicate the irreducible

representation of each basis for point group Cs4. The two direction arrows with

corresponding non-zero electronic couplings are also shown.
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Chapter 2.

Theoretical Study on Singlet Fission Dynamics in Asymmetric

Ring-Shaped Aggregate Systems

We investigate the singlet fission (SF) dynamics of asymmetric pentacene ring-shaped aggregate
model constructed by rotating each pentacene unit around its longitudinal axis in H-aggregate
ring. Using quantum master equation method, we explored how the aggregate size (N) and
rotation angle (o) influence the SF rates and double-triplet (TT) yields. It is found that, for each
N, there exist optimal ranges of a yielding efficient SF with both high SF rates and TT yields.

For example, in 8-mer model, SF rates at o = 23° and 43° are 18.9 and 38.6 times as high as
that at a = 30°, respectively, and the TT yields are as high as 87.1 %, 98.8 %, and 88.2 % at a. =
23°,30° and 43°, respectively. Analysis of the relative relaxation factors (RRFs) reveals the novel
acceleration mechanism of SF by opening many-to-many relaxation paths from adiabatic Frenkel
exciton (FE)-like states to TT-like states at optimal a and N ranging from 30—40° in N> 7.

This mechanism is interpreted via second-order perturbation theory for electronic couplings.
Specifically, the energy inequalities of the charge-transfer (CT) states (the CA and AC states) and
the changes in amplitude and sign of the couplings between the FE, CT, and TT states give rise to
a FE/TT mixing. This breakdown of quantum interference effect contributes to the high TT yield
and SF rate. The present results advance our understanding of SF dynamics in ring-shaped

aggregates and provide new design guidelines for future SF materials development.
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1. Introduction

In previous Chapter 1.1, we have investigated the size and configuration dependences of SF
dynamics in symmetric J- and H- ring-shaped aggregate models.' It has been revealed by the
group theoretical approach that the structural symmetry of the lowest adiabatic FE-like exciton
states for the ring-flipping operations affect the SF dynamics, which negatively influences the SF
efficiency in J-ring and H-even ring models. In other words, there probably exist optimal
structures between the J- and H- aggregate systems, and understanding the SF dynamics in such
broken symmetry systems with respect to the ring-flipping operations may provide more
comprehensive guidelines for SF material design. This inspired us to investigate SF dynamics in
asymmetric ring-shaped systems shown in Figure I1.2.1, which possess asymmetric structures
between J- and H-aggregates. The structure of this model can be constructed asymmetrically to
the ring-flipping operations by rotating each pentacene by a degrees around its longitudinal axis
in H-aggregate systems. The present study is important to clarify in more detail and quantitatively
the effects of the structural asymmetry, which depends on the rotation angle and the number of
monomers, on the SF rate and TT yield, for constructing practical design guidelines for ring-
shaped molecular aggregates for efficient SF.

We here examine the size (V) and o dependences of SF dynamics in the asymmetric
ring-shaped aggregate systems using the quantum master equation (QME) method.”® The SF
dynamics is analyzed based on relative relaxation factor (RRF) analysis, which is useful to reveal
the primary SF paths between adiabatic exciton states (eigenstates of exciton Hamiltonian) and
the contribution of exciton overlap in each relaxation path. In addition, we examined the
perturbative approach to discuss the origin of FE/TT mixing at lowest FE’ states from the
viewpoint of the quantum interference effect. These results are expected to contribute to the
development of more general and fundamental SF design guidelines for ring-shaped aggregate

systems with various monomer configurations and sizes.

2. Model and Methods

2.1. Model Structure

In this study, we investigated SF dynamics in pentacene asymmetric ring-shaped aggregate
models (Figure I1.2.1). The structural optimization of pentacene monomer was performed using
the RB3LYP/cc-pVDZ method by Gaussian09.” The asymmetric aggregate structure was defined
by the aggregate size N and rotation angle a. The o = 0" structure was defined as an H-ring N-

mer with d = 4.0 A, where d indicates the intermolecular distance between the middle carbon
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atoms at the inner zigzag edges. Asymmetric ring N-mer was defined by rotating the monomers
counterclockwise by a around their longitudinal axes in the H-ring N-mer with fixed ring radius
R (distance from the center of the ring to the center of mass of the monomer) as [ +
4.0/2 cos(m/N) A, where [ represents half C—C distance along pentacene short axis. Each

monomer was given a clockwise number.

. C-C distance .
(G
N . . ) N 4 R
™S NR T e
‘ 3 ‘ , ‘ 3
a=0° a#0°
H-ring Asymmetric ring o
0[]
pentacene 4.0 & R
R=1+ TeosX I~14 A
COSN

Figure I1.2.1 Pentacene H-(left) ring-shaped aggregate structure and asymmetric ring-shaped
aggregate models with all units of the H-ring rotated by a around the longitudinal axis of

pentacene monomers.

2.2. Exciton Hamiltonian

The diabatic exciton basis and exciton Hamiltonian were introduced in the same formula as
previous Chapter II.1. For pentacene ring-shaped aggregate structure, the diabatic exciton state
basis was described in eq. (II.1.2), and the exciton Hamiltonian is described as eqs. (II.1.3) —
(I1.1.9). In asymmetric structure with a # 0°, the energy of neighboring two CT states, Ecp and
Eac, 1s not identical. Furthermore, the amplitudes of Viy;, and Vi become different in asymmetric

dimer structure.

2.3. Computational Detail of Electronic Coupling

The geometrical optimization of pentacene molecule was performed at the level of RB3LYP/cc-
pVDZ. We here employed the diabatization method using complete active space configuration

interaction (CASCI) method, which has been proposed by Ma et al.® First, the reference molecular
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orbital (MO) set of each monomer A and B were obtained from CAM-B3LYP/cc-pVDZ. Then,
the localized orthonormal orbital set of the dimer {¢"®} was constructed by symmetrical
orthogonalization from the MOs {¢} in dimer AB in the active and core orbital spaces, and the
overlap matrix S was obtained for the neighboring dimer structures. The localized orthonormal

orbitals ¢™° were obtained by

1
P =85"2¢ (I1.2.1)

Note here that included only core and active space orbitals in the orthonormalization, and ¢™°
shows localization close to the distributions of the highest occupied molecular orbitals (HOMO)
and the lowest unoccupied molecular orbitals (LUMO) of each monomer A and B. The wave
functions of 5 diabatic exciton states |¥;) corresponding to SiSo, SoSi, CA, AC, and TT in dimer
models are written in eqgs. (I.1.18) — (I.1.22) in General Introduction. Since results of
CASCI(4¢,40) calculations gives wavefunctions of 20 eigenstates |®,) as a linear combination

of configuration state functions (CSFs) including|¥;) :
%) = D 19Nl = ) Cia|Pa) (11.2.2)
a a

where C;, = (P,|¥;) is the expansion coefficients of diabatic state |¥;) in adiabatic states | D).
Then, the energy of diabatic state &; and electronic couplings V;; between diabatic states i and j

are calculated from the expansion coefficients C;, and adiabatic state energy E, as

£ = (Wl Hexl¥) = ) |Cial*E (11.2.3)
a

Vi = (Wil Hee[ %) = ) CiaaFa (I1. 2.4)
a

Then, the energies of diabatic states are shifted so that the TT state energy was shifted to twice
the lowest triplet excited state at the level of Tamm-Dancoff approximation (TDA) method using
CAM-B3LYP/cc-pDZ level, that is, E(TT) ~ 2E(T) = 2072 meV. Furthermore, the energies of
diabatic FE states are defined as the average of diabatic state energies E(S1So) and E(SoS1)
obtained from the CI calculation in the dimer model, because the £(S:So) and E(SoS) are almost
the same values and the identical energy of FE state is required in the ring-shaped model as
mentioned before.

Comparing with the method in previous Chapter II.1, which performed separate
approximations for different coupling parameters, the method used here is preferable in that it
treats all couplings at the same level of approximation. These two approaches produce
quantitatively different results. For example, it is found that the CASCI based method produce
larger amplitude of V,y, comparing with the method used in previous chapter. However, these two

methods lead to the same conclusions regarding the qualitative properties discussed in this chapter.
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The diabatic state energy and the electronic couplings are compared with those obtained by the
method used in Chapter I1.1, where the V4 and CT state energies are evaluated using the Mulliken
transition density and charge density, respectively, and the Fock matrices are calculated using the

non-orthogonal HOMO and LUMO between the monomers.

2.4. Quantum Master Equation

For the SF dynamics simulation, we performed the eight-step and sixth-order Runge-Kutta
method to solve the second-order time-convolutionless QME under Markov approximation
mentioned in previous Chapter II.1. We consider only Holstein coupling, which causes the
fluctuation in the excitation energy and is known to be primarily related to the C-C bond stretching
modes of pentacene.’ The vibronic coupling parameters for Ohmic spectral density with Lorentz—
Drude cutoff frequency is represented as reorganization energies A and cut-off frequency (), and
they are set to 50 and 180 meV, respectively, for all diabatic exciton states.** The temperature T
is set to 300 K. We also evaluated the SF rate £ and TT yield a, which are obtained by fitting the
time evolution of TT exciton populations Ppr(t) with a single exponential function Ppr(t) = a —
bexp(—kt) with an initial population of |S; Sy :** Sg) is 100 %. The time range for fitting Prr(t)
is taken so that the fitting of the TT population by the single exponential function gives a reliable
value of the TT yield. As in the previous Chapter, in order to clarify the origin of the exciton
dynamics in SF, we perform RRF analysis'*® to reveal the relaxation between the adiabatic

exciton states.

3. Results and Discussion

3.1. a-Dependence of Electronic Coupling in 8-mer Model

We here show o dependences of the FE and CT state energies and electronic couplings
for 8-mer models in Figure I1.2.2 (a) and (b), respectively. As mentioned before, the TT state
energy is shifted to 2072 meV, and the FE state energy is shown to be almost stationary around
229743 meV. Note here that at o = 0°, the energies of CA and AC are equal to each other, while
at a # 0°, the energy of AC is lower than the energy of CA. The FE coupling V., shows larger
values than 100 meV at small a (< 23°), which decreases monotonically to 0 meV until o ~ 41°,
and turns to negative at a > 42°. Furthermore, all the electronic couplings V;; are found to be
positive in sign at a. < 30° because of their H-ring-like structures, the Vg and Vi, turn to negative
in sign at o > 30° on the contrary to the Vi, and V] . Although the values of these diabatic state

energies and coupling parameters depend on how the structure of the aggregate model is defined
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(for example, increasing the distance d between the neighboring monomers or the radius R of the
ring is expected to result in weaker couplings and higher energies of the CT states), their general

N- and a-dependences are expected to show qualitatively the same trend.

(a) (b)
3000 -
/""r_ —o— E(FE)
2800, - E(CA)
gzeoo é
£ I —r— = ‘
S E(TT) R L V[
& 2400 = L
T e e ——ten § =
2200 | 00l
milin iaraleinir -150 - . - ‘
20000 10 20 30 40 0 10 20 30 40

a[] a[7]
Figure 11.2.2. o Dependences of CA and AC energies (a), and Vj; (i, j = h or [) and Vex (b) for the 8-

mer models (see Figure 11.2.1).

3.2. a-Dependence of SF Rate and TT Yields in 8-Mer Model

We first discuss the variation of SF rate k and TT yield @ with respect to a in the ring-shaped
aggregate 8-mer model. The result in 8-mer is found to be in good agreement with those in the
intermediate N-mer (N = 6—12) models. Figures 11.2.3 (a)—(f) show the time evolutions of
populations of diabatic FE, CT, and TT exciton states at oo = 0°, 15°, 16°, 23°, 30° and 43°,
respectively. It is found at o = 0°-15°, the diabatic TT population does not show a single
exponential time evolution thus the SF rate £ cannot be defined. In these systems, TT yields are
too low around a =2.98 — 34.2 % (Figure 11.2.3 (a) and (b)). In contrast, it is shown that the TT
population increases single-exponentially and is able to define £ when a > 16° (Figure I1.2.3 (¢)).
At intermediate o = 23° (Figure 11.2.3 (d)), 30° (Figure 11.2.3 (¢)), and 43° (Figure 11.2.3 (f)),
higher TT yields (a = 87.1 %, 98.8 %, and 88.2 %, respectively) are observed than at a = 16° (a
=40.3 %). It is notably found that SF rates at o = 23° and 43° (k = 6.56 and 13.4 ps™') are 18.9
and 38.6 times as high as that at a = 30° (k= 0.347 ps™'), whereas the TT yields at o.= 23° and 43°
are slightly less than that at o = 30°. Both SF rate and TT yield at a = 43° are shown to be higher

than those at oo = 23°, which indicates that more efficient SF occurs at o = 43° than at o = 23°.
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Figure I1.2.3. Time evolution of diabatic FE (blue line), CT (yellow line), and TT (green line) exciton

states in the pentacene symmetric or asymmetric 8-mer models at o = 0° (a), 15° (b), 16° (¢), 23°(d),
30° (e), and 43°(f).

To capture the general trends of £ and a for a, we examine their plots as a function of a
in the 8- models (see Figure 11.2.4). It is found that the TT yield increases at 15° < o < 30° and
the peak of the SF rate appears in this range of o [(Kpeak » Opeak) = (6.56 ps™, 23°)]. This trend is
interpreted as the acceleration process derived from the near-degeneration of the lower-lying
adiabatic FE’ states and TT’ manifold, which is discussed again in section 3.3. It is also found
that the high TT yield and the low SF rate are shown from the opeak to 37° (for the 8-mer). After
that, the SF rate is shown to dramatically increase with increasing o with a gradual decrease of
TT yield. It is found that if o is too large, the TT yield is expected to significantly decrease,
resulting in poor SF efficiency. This suggests the existence of an optimal region of a for highly
efficient SF in the present ring-shaped aggregates. The reason for such behavior of & and a is

discussed in section 3.3 using the RRF analysis. It is also predicted that k can be defined within
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a narrower range of o as N increases, which implies that the range of a yielding efficient SF also

becomes narrower. The size dependence of this range of a is discussed in section 3.3.
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Figure I1.2.4. Variations of SF rate k [ps'] (blue line) and TT yields a (red line) of ring-shaped 8-mer
(16°< 0. <45%) model

3.3. Mechanisms for Acceleration of SF Dynamics

In order to clarify the origin of (1) the peak of SF rate at a = 23°, (2) the decrease of SF rate at a
=30°, and (3) dramatical increase of SF rate with gradual decrease of TT yield at a > 37°, RRF
analysis is applied to the 8-mer models with plural o, and the acceleration mechanisms at and 43°.
As well as in Chapter I1.1, we define three types of bases, that is, diabatic exciton basis, adiabatic
exciton basis, and symmetry-adapted linear combination (SALC) of diabatic exciton basis. The
SALC bases are obtained so that they diagonalize each diabatic exciton block of the Hey matrix
in the diabatic representation, and are labeled {|X*)} (X = FE, CA, AC, TT). They are also the
symmetry-adapted linear combinations of the diabatic exciton bases for Cys-symmetry.

According to the Hiickel method for ring annulenes, these SALC diabatic bases are described as

2mml

N
1
le):\/_NmZ exp (lT) IX,,)) d=12.,N (I 2.5)

where the energies of SALC exciton bases {FE*, CA*, AC*, TT*} are given by Epg +
2Vexcos(2ml/N), Eca, Eac, and Etr, respectively. The phase distribution, energy in Ve, > 0, and
number of nodes forl = 1,2, ..., N is summerized in Figure I1.2.5. The /’th and (N — /)’th
adiabatic exciton states denoted as |X]) and |Xy_,;) with [ # N (and [/ # N/2 for even-rings) whose

principal components are |X;) and |Xy_;), respectively, are degenerated due to the rotational
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symmetric structure. Thus, in the ring-shaped 8-mer models, the adiabatic FE’ and TT’ exciton
states are labeled {FE’(a—e), TT’(f—)}, where label a—j corresponds to / (or a pair of / and N — /)
in eq (IL.2.5). We describe FE’(a)—(e) in the order of decreasing number of nodes. For example,
the SA diabatic FE* states for / = N/2 (=4 in the 8-mer) and for / = N (= 8 in the 8-mer) correspond
to FE’(a) and FE’(e), respectively, in the sense that these adiabatic FE’(a) and FE’(e) include

[FEy /) = %2%:1(—1)"1 |FE,,) and |FEj) = %zﬁlzl |FE,,). We defined the TT’ states

TT’(f)-TT’(j) correspond to SA TT* basis in the order of increasing number of nodes, following
the notation of our previous study on symmetric H- and J- aggregate models in Chapter I1.1, and
the TT’(f) and TT(j) correspond to |TTy) and |TT,T, /2), respectively.

E 0 %o
/=38 g o
Erg +2Vex | FE*(e) o d 0
o
. =2 1=6 O
FE*(d) S 1
// . .
\ N O ’*
FE*(c) /=1 =17
¢« o 2
e O *
1=3 =5 v
= = ® <. 0O
FE*(b 3
(b) o0'®
=4 )
Erp — 2Vex FE*(a) — ;\::3'(':::/ 4
For H-ring %e°  Number of Nodes

Figure 11.2.5. Davydov splitting structure, phase distribution, and number of nodes in H-type ring.

Figure 11.2.6 shows the energy diagram with the primary RRFs between the adiabatic
states [FE’ manifold (a—e) and TT’ manifold (f—))] in the 8-mer ring-shaped aggregate model at o
= 23°, which shows a significant peak of SF rate (k= 6.56 ps) and high TT yield (a = 87.1 %).
The spatial distributions of diabatic excitons {FE, CT, TT} in each monomer are shown for
adiabatic states FE’(a), (b) and TT’(i), (j). It is shown that the FE’ manifold (a-e) exhibits a wide
energy band, while the TT’ manifold (f-)) is almost degenerate, and the lowest FE’(a) states are
close to the TT’ manifold (E; = 3.9 meV). As a result, the FE/TT mixing increases, that is, the
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adiabatic FE’(a) and TT’(j) states involve SA diabatic TT*(j) and FE*(a) configurations,
respectively (see the plot of the exciton density distributions for FE’(a) and TT’(j)). It is found
that this FE/TT mixing increases the exciton overlaps between TT’(j) and other adiabatic FE’
states. As a result, the RRFs from higher-lying FE’ states to TT’(j) are found to become large,

which leads to the acceleration of SF process.
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Figure 11.2.6 Adiabatic exciton state diagram for the pentacene ring-shaped 8-mer model at a = 23°,
where arrows with primary RRFs [meV] indicate the direction of relaxation of the exciton population.
The circled states indicate degenerate states. The numbers below each adiabatic state indicate the
ascending order of energy, where the red numbers indicate the lowest state(s) in each adiabatic
manifold {FE’(a-¢) and TT’(d-f)}. E,4 [meV]indicates the energy difference between adiabatic states,
E,q = E, — E4. The spatial distributions of adiabatic exciton states FE’(a), FE’(b), TT (i), and TT’(j)
are also shown. Here we show the large RRFs form — n (n =1, ..., m — 1), note that we omit the
RRFs with less than 10% of the maximum amplitudes. RRFs in the TT’ manifold are omitted since

they are rapidly delocalized in the TT’ manifold.

We show the energy diagram with RRFs in the 8-mer ring at o = 30° in Figure 11.2.7.
On the contrary to at a =23, it is found that the lowest FE’(a) states are far from the TT” manifold
(E5 = 81.4 meV). In this case, fast relaxation from higher-lying adiabatic FE’ states to lower-
lying FE’(a) occurs first, followed by the CT-mediated relaxation from the adiabatic FE’(a) state
to TT’ states, which contributes to the SF. This is the reason why the SF rate is significantly
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smaller and the TT vyield is higher (k = 0.347 ps™ and a = 98.7 %) at a = 30°. Actually, the SF
acceleration mechanism due to the near degeneracy of the lower-lying adiabatic FE’ and TT’ states
has already been investigated in previous studies and in Chapter I1.1.'* Hereafter, we refer this
acceleration mechanism originating from the degeneration of the lowest-FE’ and TT’ states as
“type [ mechanism”.

According to our previous study on symmetric ring-shaped aggregate models, the lowest
FE’ state in H-aggregate models in even N-mer," which correspond to FE’(a) at o = 0° in this
model, is found to have no overlap with the diabatic TT states. This is because FE*(a) and TT*(j)
belong to different irreducible representation (B; and B,, respectively) in point group Cy, and
behave differently for the ring-flipping symmetry operations (o, and 64). However, by breaking
the ring-flipping symmetry, the mixing between FE*(a) and TT*(j) is found to become non-zero,
which results in the existence of the optimal a for realizing the type I acceleration mechanism due
to the near degeneracy of FE’(a) and TT’(j).
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Figure 11.2.7. Adiabatic exciton state diagram {FE’(a-e), TT’(f-j)} for the pentacene ring-shaped 8-
mer model at a = 30°, where arrows with primary RRFs [meV] indicate the direction of relaxation of
the exciton population. The spatial distribution of the exciton density in each adiabatic state is also

shown. See the legend of Figure 6 for further explanation.

Next, RRF analysis of the 8-mer at o = 43° is performed to clarify the mechanism of the
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increase of SF rate in a > 37°, that is, the reason for the relatively high TT yield (a = 88.2 %) and
the fast SF (k = 13.4 ps™) process (Figure 7). The comparison of the 8-mers at o, = 23° and 43°
shows that the energy gap between the lowest FE’ state and the TT’ manifold is much larger at o
=43° (Eer=91.1) than at a = 23° (E;; = 3.9 meV), which is the main reason for the relatively high
TT yields at o =43°. Interestingly, it turns out that more paths from FE’ to TT’ manifold contribute
to the SF process at a = 43° (many-to-many relaxation), while the only paths from the FE’
manifold to the TT’(j) state (many-to-one relaxation) contribute primarily to the acceleration of
the SF process at o = 23°. This many-to-many relaxation at o = 43° is found to be caused by
FE/TT mixing not only between the lower-lying FE’ states and TT’ states, but also between the
higher-lying FE’ states and the TT’ manifold as shown in Figure I1.2.8 (b). This novel
acceleration mechanism for SF induced by the enhancement of many-to-many relaxation paths

from FE’ to TT” is referred to as “type Il mechanism”.
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Figure I1.2.8. Adiabatic exciton state diagram {FE’(a-¢), TT’(f-j)} of the pentacene ring-shaped 8-
mer model at a = 43°, where arrows with primary RRFs [meV] indicate the direction of relaxation of
the exciton population. The spatial distribution of the exciton density in each adiabatic state is also

shown in (b). See the legend of Figure I1.2.6 for further explanation.

3.4. a-Dependence of Adiabatic Energies and Wavefunctions in 8-mer Model

In order to more clarify the relationships between a, adiabatic state nature, and SF dynamics, we

investigate the a dependences of the energies and the total configurations of diabats (the
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proportion of diabatic state X (= FE, CA, AC, TT) included in the adiabatic state p, or
Yimex |Cmp|2) in each adiabatic (FE’, CA’, AC’, and TT’) exciton state. The a dependences of
adiabatic energy levels for N = 8 is shown in Figure I1.2.9. Each bar representing an adiabatic
exciton state is color-coded according to the contribution of the diabatic basis constituents.

It is found that from o = 0° to the opeak = 23°, the lowest FE’ state energy is too low
compared to the TT” states, resulting in low TT yield in this region. This is mainly because the
absolute value of the FE coupling Ve is too large (> 100 meV), resulting in a wide bandwidth of
the FE’ manifold. Indeed, efficient SF is found to occur due to smaller values of |V| at
intermediate o larger than opeax. It is found that opeax = 23° correspond exactly to the o where the
lowest FE’ state is nearly degenerate with the TT’ manifold. This indicates that the acceleration
of SF for these a is caused by the type I mechanism. As increasing from opeax=23° to a* = 37°, the
energy of the lowest FE’ state (FE’y.2) is shown to be larger than that of the TT’ manifold and to
increase with increasing o, which results in the increase of TT yield and the decrease of SF rate.

At o > o*, where the SF rate starts to dramatically increase as shown in Figure 11.2.4,
it is found that the energy of the lowest FE’ state (FE’y) decreases with increasing o, and FE/TT
mixing occurs between the lower-lying FE’ states and the TT* manifold. Notably, this FE/TT
mixing is found to occur without near-degeneration of FE’ and TT’ states (type II acceleration
mechanism). It is found that because the diabatic AC (CA) state energy decreases with increasing
N (see Figure I1.2.2), adiabatic AC’ (CA’) states decrease and include more (less) diabatic FE and
TT states as shown in Figure I1.2.9. Thus, the indirect electronic coupling between FE and TT
states via AC states is expected to contribute to FE/TT mixing more than that via CA states. Thus,
we thought that the FE/TT mixing due to energy stabilization for one of CA or AC might be
required for the type II SF acceleration.
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Figure I1.2.9. o Dependence of adiabatic energy levels and their diabatic state contributions for N =
8. Each bar representing an adiabatic state is color-coded according to the contribution of diabatic FE

(blue), CA (green), AC (light green), and TT (red) states.
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The type II mechanism caused by symmetry breaking of the aggregate structure is
explained using the second-order perturbation theory with intermediate normalized representation
in 8-mer model. Let us focus on the off-diagonal matrix elements of the exciton Hamiltonian Hex
in the representation of the SALC exciton basis, and the large exciton overlaps between the
higher-lying FE’ and TT’ manifolds derived not from CT-mediated, but from FE/TT mixing. We
estimate the TT configuration of the adiabatic FE’ using the second-order perturbation theory with
the SALC diabatic basis as the zeroth-order approximation, which provides the approximate
formulae for the results obtained from diagonalization of H.x. The adiabatic FE’ states
corresponding to |FE;’§, /2) and |FEy) approximated by the second-order perturbation theory
before normalization are described as (see Appendix I1.2 for derivation and discussion of the
validity of the approximation)

ViL + Van . ViL + Van
Bre — Zon— Bon W/2) B = 27, — B

|FE’N/2) = |FE1>:1/2) + |CA>;V/2)

+|TT} ) 3 VL +Vun ( Vin _ Vi, ) (11.2.6)
N/21 |2 Epg — 2Vey — By \Epg — 2Vey — Eca Erg — 2Vex — Eac o

Vir — Van . ViL — Vun
+ |ACy)
Erg + 2Vex — Eac

FE'y) = |FEy) + |CA;
IFE'y) = [FER) + CAR) s~

3 Vi, =V, Vi |74
+|TTy) |50 ( -l + L ) (11.2.7)
2Epg + 2Vex — Err \Epg + 2Vex — Eca  Erg + 2Vex — Exc

This implies that in symmetric H- (J-) even-rings, the expansion coefficient of |TT,§ /2) (|TTy)) in
the lowest FE’ state denoted as FE'y /, (FE'y) become zero due to the cancellation between the
first and the second terms in parentheses in eqs (I1.2.6) and (I1.2.7), where Vi = Vyr (Vg =
—Vu1) and Ecp = Exc. Hereafter, this cancelation between transition probability amplitudes via
CA*- and AC*-mediate path is called “quantum interference effects”. When o.# 0", however, this
quantum interference effect is broken because |Viy| # |VyL| and Eca # Eac. In this sense, the
FE/TT mixing is originated from the asymmetric structure of neighboring dimers. This
interpretation is useful for qualitative discussion on whether the sign of couplings contributes to
the enhancement of FE/TT mixing or not.

Figure 11.2.10 shows the a-dependences of the approximate contribution of TT* states
(TT* coefficients in normalized |F E'y /2) or |FE'y) represented by eqs (I1.2.6) and (11.2.7),
respectively) in the lowest FE’ state in the 8-mer model. The perturbed adiabatic state energy is
also shown by diabatic state energy and couplings as

1 1
+
Epg — 2Vex —Eca  Ere — 2Vex — Eac

Epgr(=n/2) = Erg — 2Vex + VoL + Vianl? ( ) (1. 2.8)
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1 1
U e 2( ) I.2.9
FE/(1=N) = Erg + 2Vex + Vit — Viaul EFE+2VEX_EcA+EFE+2VeX_EAC ( )

3 |VLH|2 |VHL|2 >
B = Fr 4o + (1L.2.10)
TT TT 2 <ETT — ECA ETT - EAC

As seen from these formulae, the positive sign of Vex and the opposite signs between Vi and Vian
contribute to lowering the energy of FE’y., than FE’y, while the negative sign of Vex and the same
sign between Vir and Vun contributes to lowering the energy of FE’y than FE’ 5. Note that the
perturbative approach breakdown when the lowest FE’ state is nearly degenerate with the TT’
manifold, and thus only for the 0° and 25°—43° cases are shown. The contributions of the first and
second terms in parentheses in eqs (I1.2.6) and (I1.2.7) are also shown, which are interpreted as
CT-mediate transition probability amplitudes through CA* (blue bars) and AC* (orange bars)
bases, respectively. As seen from Figure 11.2.10, the TT configuration of the lowest FE’ state is
almost zero at small a < 25°, negative at a = 28°-34°, and positive at o = 37°—43°. The
contributions of CA*- and AC*-mediate paths are found to exhibit mutually opposite signs except
at o = 30° and 34°. Figure I1.2.10 demonstrates that the approximate TT configurations have
non-zero values at o > 28°. It turns out that the amplitudes of CA*- and AC*-mediate paths
contribution is almost the same at a < 30°, while the latter surpasses the former at o > 37°, which
is the main reason why the lowest FE’ state includes TT configuration. For example, since the
amplitude of Vur and Vg are found to be almost equal to each other at a =43° (Vjy=-91.32 meV
and V', = 78.92 meV), the energy inequalities between CA and AC states (Eca = 2970 meV and

Eac =2497 meV) are the main cause of the significant TT contribution in the adiabatic FE'y.
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Figure I1.2.10 o Dependences of TT configurations [gray bar] in the lowest adiabatic FE’ of the
8-mer model approximated by the second-order perturbation theory and the CA and AC
contributions to them (FE-CA-TT [blue bar] and FE-AC-TT [orange bar] contributions,
respectively), where the symmetry-adapted diabatic exciton states for / = N/2 or / = N in eqs 26

and 27 are used as the zeroth-order approximation.
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3.4. Size Dependences of SF Rates and TT Yields

In this section, we discuss the size (V) dependence of the SF dynamics in the pentacene ring-
shaped aggregate models. In the present model, the adjacent pentacene molecular planes are
found to approach parallel to each other as increasing N, where the amplitude of electronic
coupling is predicted to increase as the interaction between the m-orbitals of the adjacent
pentacene molecular planes approaches a c-like interaction. It is also predicted that the energies
of FE’ states tend to decrease with increasing N due to the increase in FE-CT coupling, making
the SF rate & more sensitive to changes in a and narrowing the region of a in which the SF rate
can be defined.

The plots of SF rate £ and TT yield a as a function of the aggregate size with constant a
(o =20°, 30°, and 40°) are shown in Figure I1.2.11. The points for N are omitted from Figure
I1.11 when the SF rate (such as the 3- and 4-mers at o = 30° and 40°) or the TT yield is so small
that TT population is not able to fit with single exponential function. The SF rate exhibits
complicated variations at a = 20°, a gradual increase with N with a peak at N =6 and 10. On the
other hand, SF rate at a = 30°and 40° shows monotonous and sharp increases with N. As discussed
in Chapter II.1, it is supposed that Davydov splitting structure originating from the positive and
large amplitudes of FE couplings at a = 20° like H-ring models are found to cause the zig-zag
behavior of the TT yield and SF rate. On the contrary, such a complex behavior of SF dynamics
is not shown at o > 30°. Instead, the SF rate is shown to increase up to about 25 ps™' at both 30°
(for N = 20) and 40° (for N = 11) with relatively high TT yield a ~ 70 %, which implies that
extraordinarily fast SF occurs as compared with the 6-mer model at o = 20°. This result indicates
that the ring-shaped aggregate structures have the potential to induce efficient SF by tuning the

intermolecular configuration and the size of the aggregates.
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Figure I1.2.11. Size (N) dependences of SF rate k [ps™'] and TT yield a [%] at o.= 20°, 30°, 40°.
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In order to clarify the relationships between N, k, and a, we investigate the size (V)
dependences of the energies and the total configurations of diabats in adiabatic FE” and TT’ states
ata=20°,30° and 40°, as shown in Figure I1.2.12 (a)—(c), respectively. The quantum interference
between CA*- and AC*-mediate paths to the FE/TT mixing is also shown in Figure 11.2.13 for a
=30° and 40°. It is found from Figure I1.2.12 (a) that the energy bandwidth of the FE’ manifold
increases with increasing N, and the lowest FE’ states approach TT’ manifold for N=6, 7, and 10,
respectively. The first and the second peaks of the SF rates at o =20° for N=6 and 10, respectively,
(see Figure I1.2.12), where the lowest FE’ states and the next lowest FE’ states are nearly
degenerate with the TT’ manifolds, and the fact that the TT configurations of these lower-lying
FE’ states are shown to be large indicates that the type [ mechanism occurs for these NV at o= 20°.

On the contrary, as seen at o = 30° (Figure 11.2.12 (b)) and at large value of N, FE/TT
mixing occurs not only in lower-lying FE’ but also in higher-lying FE’ states although the energy
gap between these states is significantly large, resulting in type II SF acceleration mechanism.
Although the small TT contributions to the lowest FE’ in the 8-mer model, FE/TT mixing become
large with increasing N. As shown in Figure 11.2.13 (a), it is found that CA*- and AC*-mediate
path derived from eq. (II.2.7) have the same signs and amplitude of total TT contribution is
strengthened in 12- and 16-mers. In present model, the orbital overlaps between neighboring
molecules increase with N, which is the main reason of type II acceleration for N> 14 at a. = 30°
with SF rate exceeding 10 ps'.

Although the variations of SF rate and TT yield as a function of N at a = 40° are
qualitatively similar to those at o = 30° as shown in Figure I1.2.11, the reasons for the type II
mechanism to occur are different. Figure I1.2.13 (b) shows the size dependences of the first and
second terms in parenthesis in eq (I1.2.7) in the lowest FE’ state for N = 8-12 at a = 40°. This
indicates that at o = 40° the amplitude of AC*-mediate path contribution (positive in sign) is much
larger than that of CA*-mediate path contribution (negative in sign) to the FE/TT mixing, leading
to the non-zero total contribution of TT states to the FE’ manifold (see also section 3.3). With
increasing N, however, the energy of the lowest FE’ state is found to be lower than that of the TT’
manifold for N =12 at a = 40°, which results in a low TT yield a = 47.2 %. In summary, it is
expected that for medium-size aggregates (10 <N <16 at o = 30" and 7< N < 10 at a = 40°), the
type 11 mechanism achieves relatively fast SF (> 1 ps™") while keeping high TT yields (> 80 %),
although for larger-size aggregates, the increases in electronic couplings cause an excess mixing
of diabatic FE states into the lower-lying adiabatic TT’ states, resulting in a significant reduction
of the TT yields.
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second-order perturbation theory. See the legend of Figure I1.2.10 for further explanation.

4. Conclusion

In this study, we have investigated the effects of the intermolecular configuration, represented by
the rotation angle a and the aggregate size (N), on the SF dynamics in pentacene structures ring-
shaped aggregate structure asymmetric for ring-flipping operations. Because the amplitude of Vex
is larger than 100 meV at a < 15°, the energy of the lowest FE’ state is found to be too low
compared with those of TT’ manifold, resulting in low TT yields a <50 %. However, SF is found
to occur with high TT yield, when Ve is sufficiently small at intermediate a. The numerical
simulation based on QME in the 8-mer model exhibits a peak of SF rate at o = 23° and a sharp
increase of SF rate at o> 37°, which indicates that there exists an optimal range of a giving high
TT yields and SF rates. The RRF analysis of the 8-mer ring at a = 43° shows that this behavior is
understood as many-to-many relaxation paths due to the large exciton overlaps between the lower-
lying adiabatic FE’ states and adiabatic TT’ states. The FE/TT mixing in both TT’ and FE’ states,
respectively, is found to contribute to the fast SF. Furthermore, the a and the size dependences of
adiabatic energy states have revealed that the sharp increase in the SF rate at o = 30° and 40° with
increasing size are also attributed to an increase in the FE (TT) configuration of the adiabatic TT’
(FE’) states with causing many-to-many relaxation paths from FE’ to TT’ manifold.

The second-order perturbation theory for exciton states enables us to describe the
approximate contribution of TT states in FE’ manifold as the sum (or cancellation) of the
contributions of CA*- and AC*-mediate transition paths (see eqs (11.2.6) and (I1.2.7)). The present

method is convenient to consider these transition paths separately, and revealed that there are two
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conditions to cause this SF by type Il mechanism. The first condition is that the CA*- and AC*-
mediate contributions to lower-lying FE’ states are strengthened each other, which is satisfied in
large N > 12 at a = 30° (section 3.4). The second condition is that the quantum interference is
broken, in other words, CA*- and AC*-mediate transition paths are incompletely cancelled each
other due to the asymmetric CT structure, which is satisfied in intermediate N around 8-mer at
large a > 40° (see section 3.3 and 3.4). The type Il mechanism is expected to provide higher TT
yield than the type I mechanism discussed in Chapter II.1,' because the former does not require
lowering the lowest FE’ energy so that the lowest-lying FE’ states are close in energy with the TT’
states.

The explanation for the type II mechanism using the second-order perturbation theory
for the ring-shaped aggregate model is expected to be applicable not only to pentacene rings but
also to a wide range of asymmetric monomers, such as bent-shaped molecules and acenes with
donor/acceptor substituents, as long as the aggregate systems satisfy the rotational symmetry. The
present results demonstrate the effectiveness of SF material design based on the asymmetry of the
aggregate structures and contribute to a comprehensive understanding of the correlations between

aggregate structure, size and SF efficiency for more general SF design guidelines.

Appendix

A.2. Derivation of Perturbative Approach for Estimation of Quantum Interference

In this section, eqs (II.2.6) and (II.2.7) in the main text, and the equations for adiabatic
approximate exciton energies are derived by using the second-order perturbation theory with the

symmetry adapted linear combination (SALC) diabatic basis as the zeroth-order approximation.

For simplicity, we discuss only SALC diabatic basis |X N /2) = \/%2%21(—1)"1 | Xm) and |Xy) =

\/%2%21 [Xm) (X = FE, CA, AC, and TT) in even-ring aggregates in order to clarify the

mechanism of increasing TT configuration in lower- and higher-lying FE’ states due to breaking
the ring-flipping symmetry. Because the irreducible representations of all kinds of SA diabatic
basis |X N /2) (|Xy)) are B (4), and the others belong to E-representation in Cy-symmetry, |F Ey /2)
(IFEx)) couples with [CA} /), |ACy/2), and |TTy ,) (ICAY), |ACY), and |TTy)). Thus, the
Hamiltonians represented by such SA diabatic exciton bases |X;') (/ = N/2 and N) are described,

respectively, as
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Erg —2Vex  Vir+Vuuw —Vir— Vanu 0

ViL + Van Eca 0 V3/2Vin N
Hyy = forl = — (A1)
—Vir — Vun 0 Exc V3/2Vyy 2
0 V3/2Vw  3/2Vu Err
Erg +2Vex Vo —Vun  Vin — Vanm 0
ViL — Van Eca 0 V3/2Viy
Hay = forl= N (A2)
ViL — Van 0 Eac V3/2Vyy

0 V3/2Viy +3/2Vyu Ery

The configuration in an approximate adiabatic exciton state [n') (n represents the index of SA
diabatic state n* mainly involved in n’) by Rayleigh-Schrédinger second-order time independent
perturbation theory without degeneration is described as

(K [He Y0 ey )
') = In’ >+;|k )M ;;m G a9

and the approximate energy is

E. = E;+ 2 (k" | HexIn")|? (A4)
B E; —E;
k*n
where E,,, and E;; indicate the energies of adiabatic state n’ and SA state n", respectively. Here,
all the perturbations to the diagonal matrix elements of Hgy are 0, and terms in eqs s3 and s4
including them are omitted from the general formulation of the Rayleigh-Schrédinger second-
order perturbation equation.
Substituting the coupling and energy parameters of the Hamiltonians (eqs (Al) and
(A2)) into eqs (A3) and (A4), the adiabatic FE’y» and FE’y are described as
VoL + Vin . ViL + Van
— |ACY/2)
FE — 2Vex — Eca Epg — 2Vex — Enc

|FE’N/2) = |FE;I/2) + |CAT\I/2)E

3 VLtV |4 |4
+|TT;{,/2) 2 LL T VHH ( LH _ HL ) (AS5)
2Epg — 2Vex — Err \Epe — 2Vex — Eca  Ere — 2Vex — Eac

ViL — Van
Erg + 2Vex — Eac

Vir — Vun
Erg + 2Vex — Eca

[FE'y) = |FEy) + |CAY) + |ACy)

VL =V |74 |7
ITTN) HH ( LH " HL ) (A6)
2 Erg + 2Vex — Ep7 \Epg + 2Vex — Eca  Erg + 2Vex — Enc

Approximate adiabatic FE'y /,, FE'y, and TT’ state energies (the energies of TT'y /,

and TT'y are found to be equal to each other in this approximation) are described as

1 1
ra=ny2) = Epg = 2Vex + Vi + V) 2( )
B s TR

(A7)
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1 1
Ecerirony = E 2V Vi — W 2( ) A8
pe/0=m) = Epp + 2Vex + VoL — Vil EFE+2Vex_ECA+EFE+2VeX_EAC 48

3( [Viul? Vi |2
<|LH| +|HL|>

Erp =Err+5

> (A9)

Err —Eca  Err — Eac

We apply this approximation to interpret the effects of simultaneous change of electronic coupling
and CT state energy to configuration in adiabatic FE’ states by obtaining the analytical
formulation of the approximate results of diagonalization of exciton Hamiltonian. Note here that
this approximation is expected to be quantitatively appropriate when the amplitudes of the oft-
diagonal elements of Hay in eqs (A1) and (A2) are small enough comparing with energy gap
between SALC diabatic FE and CT states. This condition is relatively satisfied when (i) the
aggregate size is small (N < 6), and (ii) o is around 25°-30° in intermediate aggregate size (7 <N
< 12) in our model. The first condition comes from absolute values of FE-CT and CT-TT
couplings become low because of small overlap between n-orbitals in neighboring dimer systems,
and FE-CT energy gap is large (~ 500 meV) in this range of N. The second condition comes from
that |V | and |Vy,| approaches 0 while |V | and |V y| remain non-zero values (around 100-
200 meV), respectively, where the type Il acceleration mechanism is expected to occur. Thus, this
approximation and the interpretation of the type Il mechanism by perturbation theory are expected
to be reasonable at this range of a and N. In case that the off-diagonal elements of Hay cannot be
considered as perturbation (for example, at o = 45° in 8-mer as shown in Figure 11.2.11) this
approximation of exciton states is expected not to quantitatively reproduce the results of
diagonalization of Hex. However, the discussion in section 3.2 and 3.3 in the main text based on
perturbation theory is qualitatively valid for the purpose to explain the SF at a = 40° in 8-mer
(section 3.2) and at o = 30° in large N (section 3.3), which states that the large FE-TT mixing in
FE’ and TT’-manifold results from the inequality of CA and AC states.
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Chapter 1.

Theoretical Study on Singlet Fission Dynamics in Symmetric

Heterotrimer model

In this chapter, we investigated SF dynamics in symmetric linear heterotrimer systems
consisting of different unsubstituted or 6,13-substituted pentacene derivatives denoted as
XY (X, Y: terminal and center monomer species) to develop design guidelines for
engineering directional triplet exciton migration. Time-dependent density functional
theory (TDDFT) calculations revealed that the substituent-induced electronic effects,
represented as the Hammett’s para-substitution coefficients o, , correlate with the
excitation energies of S; and T; states, as well as the energies of the highest occupied and
lowest unoccupied molecular orbitals (HOMO and LUMO). Electronic coupling
calculations and SF dynamics simulations demonstrated that heterotrimers achieved over
70 % selectivity for spatially separated TT states, outperforming homotrimers. An optimal
region of the difference in o, between the substituents of X and ¥ was identified for
increasing the SF rate. This enhancement in SF rate is attributed to quantum interference
effects: the reduction in structural symmetry introduces new interaction pathways,
enabling the S;-TT mixing and accelerating hetero-fission between the terminal and

center molecules.
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1. Introduction

As mentioned in the General Introduction, the triplet dissociation process in SF has attracted
significant attention due to its potential in quantum spin information technologies, such as sensing
and quantum computing.'” The intermediate spin-entangled TT states with several spin
multiplicities (‘TT, *TT, and *TT)** serves as key elements for these applications. However, the
use of SF in quantum spin technologies remains limited by technical challenges, particularly in
tracking the spatial distribution and manipulating the spin states of individual triplet excitons. A
combination of the electron-spin-resonance (ESR) and the scanning tunneling microscopy (STM)
technologies is a promising approach to observe and manipulate local spins at the atomic and
molecular levels.” Despite its potential, further advancements of experimental techniques are
required. Especially, the individual operation of the two triplet spins is particularly challenging
when the positions of two triplets are close because the operation on one molecule affects another.
Moreover, in a crystal or an aggregate system consisting of identical molecules, it is generally
impossible to determine the migration pathways of triplet excitons. In this regard, tuning the
molecular and aggregate structures offers an alternative strategy for separating two triplet excitons
while maintaining the correlation between them and controlling the spatial distributions of TT
excitons suitable for quantum spin operations.

In this study, we investigated SF dynamics in linear heterotrimer systems composed of
different pentacene derivatives, denoted as X/Y, where X and ¥ represent the terminal and center
monomer species, respectively (see Figure I111.1(a)). We propose design strategies for controlling
the spatiotemporal distribution of TT states, based on quantum chemical calculations and
dynamics simulation. The heterotrimer model allows us to explore following two key effects: (i)
how the energy gradient of triplet excitation between X and Y influences the efficiency of
directional triplet—triplet exciton transfer (TTET) from ¥ to X, and (ii) how the exciton relaxation
mechanism in heterotrimers differs from that in homotrimers. Previous studies on pentacene
crystal structures®'® and ring-shaped aggregate structures (Chapter II.1 and 11.2)'""'> have shown
that the SF rate decreased in highly symmetric systems. This is because the interference effects
tend to cancel the interaction paths between S; and TT states mediated by various charge transfer
(CT) states. This cancellation occurs when the excitons delocalize across entire aggregate and the
energies of the two CT states (the cation-anion state [CA] and the anion-cation state [AC]) are
identical, which is applied to the X = ¥ case (homotrimer). In contrast, for X # Y (heterotrimer),
the exciton fission occurs between two different molecular species, referred to as hetero-fission,
and the energies of CA and AC states are non-identical, which can mitigate the cancellation of
interaction paths. These effects may resolve the cancellation of interaction paths and enhance the
SF rate and TT yield.
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This paper aims to clarify: (i) the optimal condition for X and ¥ to maximize both TT
yield and the selectivity of separated TT pair states on X molecules, and (ii) the roles of
asymmetric CT states in enabling an efficient hetero-fission process. We focused on a slip-stack
configuration, as shown in Figure I11.1 (b), characterized by the stacking distance d. Although
monomers are not directly connected by covalent linkers, we anticipate that the design strategies
proposed here can also be applied to several covalently linked trimers like those synthesized by
Nakamura et al.." This study is expected to provide physical insights into the mechanism of SF
and propose design guidelines of efficient SF materials that are useful for realizing the quantum

spin manipulations for molecular materials,'*'°

although further discussions on the dynamics
involving the high-spin TT pair states is necessary to establish comprehensive guidelines for

efficient the quantum spin manipulations.

(a) (b)

(Dheterofission

/\%)Tfmigration X

ET{( ET{

Eqy

Figure IIL.1. The concept of a heterotrimer model consisting of molecules X and ¥ (denoted as
X/Y) and the example of the structure of the slip-stacked trimer models of CN2PEN/CI2PEN (N
and Cl atoms are shown as blue and green, respectively) with the stacking distance d [A] and

fixed displacement along the short molecular axis by 3.0 A.

2. Methodology

2.1. Effective Enerqy-Matching Conditions for Heterotrimers

For the monomers X and ¥, we employed unsubstituted and 6,13-disubstituted pentacenes (PEN
and R2PEN, where R represents the substituent group shown in Figure IIL.2). First, we
conducted time-dependent density functional theory (TDDFT) calculation for the monomers only

used in the pre-screening scheme for candidate systems. The geometrical optimization, TDDFT
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for vertical S; excitation energy, and TDDFT with Tamm-Dancoff approximation (TDA)"” for
vertical T excitation energy of a single molecule were performed at the CAM-B3LYP/cc-pVDZ
level'® using Gaussian 16 package'®. The monomer species explored in this study have been
synthesized®*?®. This pre-screening based on the TDDFT saves us the effort of calculating the
electronic couplings of the dimer structure at the XMC-QDPT2/CASSCF(4,4) level for each X/¥
pair.

Then, we evaluated effective energy-matching conditions for the heterotrimer in terms
of Si (Es’f' Es‘l’) and Ty (ETi(' ET;{) energies of X and ¥, as follows:

AEsp = min (Esi(,Esxl') —2Ex =0 (111. 1)

AETTET = ETi( - ET}l’ <0 (IH 2)
The first condition is the isothermal/exothermal condition for hetero-fission, indicating that the
energy of the final TT state should be lower than either the S; energy of X or Y. The second

condition describes the exothermal condition for TTET from Y to X.

R= —H —F —Cl
—CF3 _OCH3 _C3H7

—CN —O—(/Sj

Figure I11.2. Molecular structures of unsubstituted pentacene PEN (R = H) and 6,13-disubstituted

)
)

pentacene derivatives RZPEN.

2.2. Construction of Exciton Hamiltonian

We conducted SF dynamics simulations for systems with appropriately satisfied the energy-
matching conditions. To construct the exciton Hamiltonian (H,,) required for the SF dynamics
simulations, we employed diabatic state approximation. This approach includes three S| bases
(S1S0S0, SoS1So, and SoSeS1), four CT bases (CASo, ACSy, So0CA, SoAC, where C and A denote
the cation and anion, respectively), and three TT bases (TTSo, SoTT, and TSeT) as described in
General Theory. The following 10 x 10 matrix expresses the exciton Hamiltonian in diabatic

representation:
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ES’f Vex 0 VS{(_CXAY Vsi(_CYAX 0 0 Vsi(_TXTY 0 0
Egr Vex Vor_cxar Vor_crax Vor_crax Ver_cxpy Vor_pxpy Vey_qxqr 0
ESf 0 0 VSf—CYAX VS)I(’_CXAY 0 VS)I(’_TXTY 0
Ecxpy 0 0 0 Vrr—cxay 0 0
H. = Ecvpx 0 0 Vrr—crax 0 0
ex —
Ecvax 0 0 Vrr—crax 0
Ecxpr 0 Vrr—cxay 0
Erxyr 0 t
Eqxqy t
Eqxpx
(I1L. 3)

The parameters E sx, Egy are the Si excitation energies. The E-x,v is defined as the
energy of CT states for CASo and SoAC (cation is on one or another X and anion is on ¥), and
E v 5x is the opposite one indicating ACSo and SoCA (cation is on ¥ and anion is on one or another
X). The Eqxpv, and Epxpx are the TT state energies where the former indicates that (one of) X
and Y are in their Ty, the latter indicates that both X are in the Ti. Therefore, if X =Y, E-x,r =
Excv and Epxpy = Epxpx. The calculation of TTET coupling ¢ is approximated as the effective
transfer coupling shown as eq. (I1.1.38) — (1.1.40) in General Introduction.?’*

Each coupling parameter was obtained at the XMC-QDPT2/CASSCF(4e,40)/6-31G(d)
% level with the Nakamura—Truhlar 4-fold way diabatization scheme.’® The diabatization and
XMC-QDPT2 calculation were performed by GAMESS.*' The eigenvalues of excited states,
expressed as the linear combination of configuration state functions (CSFs) based on diabatic
molecular orbitals (DMOs), were used to derive diabatic state energies and couplings through the
unitary transformation of the diagonal Hamiltonian into the CSFs representation, which is

proposed by Ma et al.*?

and described in previous Chapter I1.2. The multi-excitonic and doubly
excited states in the dimer structure are explicitly incorporated in this model through the CSFs for
CAS(4e,40) space. Further detail descriptions of these couplings is given in section 1.2 in General

Introduction.

2.3. Quantum Master Equation

As well as the previous Chapter II.1 and Chapter I1.2, the exciton relaxation dynamics simulation
including state-to-state transition driven by the vibronic coupling (VC)** was performed by the
time-convolutionless second-order quantum master equation (TCL-QME) within the Markov
approximation with only considering Holstein coupling®*. The TCL-QME is numerically solved
by the eight-step and sixth-order Runge-Kutta method to derive the time revolution of reduced
density matrix (RDM) pey projected on the exciton states denoted as.** The vibronic coupling
parameters for Ohmic spectral density with Lorentz—Drude cutoff frequency is represented as

reorganization energies A and cut-off frequency (), and they are set to 50 and 180 meV,
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respectively, for different diabatic exciton states and different molecular species. The temperature
T is set to 300 K. Note that these VC parameters generally depend on the molecular species;
however, we focused only on the qualitative changes in the exciton Hamiltonian for simplicity.
The Peierls coupling, representing the VC on the off-diagonal terms of exciton Hamiltonian, was
omitted in this study although Peierls coupling is expected to peak at low vibrational frequency
modes. This is because the reorganization energy of Peierls coupling is typically much smaller
than that of Holstein coupling, as reported in the previous study of SF in acene crystals.>® The

initial population was set to 100% for the S, state on the center molecule ¥, denoted as |SyS;Sy).

3. Results

3.1. Pre-screening of candidate systems

First, we conducted TDDFT calculations for monomer species to evaluate the energy matching
conditions, eqs. (III.1) and (II.2), for pairs of X and ¥ shown in Figure IIL.2. Figure II1.3
represents the plots of AEgy (horizontal axis) vs. AEprgt (vertical axis). Data points in the lower-
right region indicate conditions where both the yield of the TT state and the selectivity of the
separated TT state (TSoT) are expected to be high. In Figure II1.4, markers of the the same type
represent pairs X/Y with the same X. The results show that ET’f -E Y becomes significantly
negative in the CN2PEN/Y system (green rhombus), where CN2PEN represents 6,13-
dicyanopentacene.

Figures I11.4 (a) and 4 (b) illustrate the correlations between the absolute value of
Hammett’s para-substitution constant, |a;, |,>” and various properties of pentacene derivatives: the
Si and T, excitation energies, the Si-2T1 and HOMO-LUMO energy gaps, respectively. The gy,
value of each molecule is summarized in Appendix in this Chapter. These results indicate that
the SF process in homodimers of the pentacene derivatives tends to become exothermic as the
|op | increases. Moreover, the findings also suggest that the inductive effects of substituents play
a crucial role in tuning the excitation energies of heterotrimers. For example, AEgz of
CN2PEN/F2PEN system (F2PEN: 6,13-difluoropentacene) was significantly positive (0.063
eV), because both CN2PEN and F2PEN have large Si-2T; gap, whereas that of CN2PEN/PEN
(PEN: unsubstituted pentacene) was nearly zero (0.006 eV). In contrast, the difference in triplet
energies between X and ¥, AEttgT, was smaller in CN2PEN/F2PEN than CN2PEN/PEN due to
the smaller difference in |0y, | in the former. Additionally, Figure II1.4 (¢) show that the HOMO
and LUMO energies negatively correlates with o,, where the vertical axis shows the difference
from that of pentacene: Epgy — E. These relative HOMO and LUMO energies difference between

molecules influence the charge transfer character between them.
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Figure II1.3. The SF exothermal condition (AEsg = min (E % E s{) - 2ET)1() on the horizontal

axis and the exothermic condition for triplet-triplet exciton transfer (TTET) from Y to X
(AErrpr = E ™ —E Txlz) on the vertical axis in the pair of pentacene derivatives. The colored dots
represent the data of fixed X = R2PEN for R = H (orange), F (yellow), Cl (light blue), CN (green),
and CF3 (dark blue). The small gray dots denote the data including X = OCH32PEN: R = CH;0,
Pr2PEN: R = C;H7, Ar2PEN: R = C¢Hs, Thi2PEN: R = C4HsS.
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Figure I11.4. The correlations between (a) |0, | and the excitation energies of the S; and T, states,
(b) |op| and Si-2T: energy gap and HOMO-LUMO gap, and (c) g, and HOMO and LUMO
energies. We took the corresponding energies or energy gaps of PEN (Epen or AEpen) as the
standards, and we plotted Epen — £ in (a) and (c) whereas AE — AEpex in (b) for clarity. The dotted

approximate line shows the general trends of ;, and several energies.

3.2. Electronic Coupling

Next, we examined the diabatic energies and electronic couplings. The coupling parameters for
the slip-stacked structure were evaluated, as shown in Figure IIL.1(b). The stacking distance d
[A] was varied from 3.6 to 5.0 A with an increment of 0.2 A, and the displacement along the short
molecular axis was fixed at 3.0 A. Figure IIL.1(b) illustrates an example of CN2PEN/CI2PEN
(CI2PEN: 6,13-dichloropentacene). Figure IILS presents the coupling V-x pv _rr, corresponding
to one of off-diagonal elements of exciton Hamiltonian, as a function of d for PEN/PEN,
F2PEN/PEN, and CN2PEN/CI2PEN. These systems showed similar d-dependences of
Viex v _pp. Moreover, the other off-diagonal electronic couplings also did not show apparent
dependence on the molecular species of X and Y. In contrast, the diabatic state energies,
particularly the CT energies, strongly depend on molecular species X and Y. Figure IIL.6 (a)
shows diabatic state energies for Si*, S;*, C*A’, C*A*, T*T’, and T*T* states for X/¥ = PEN/PEN,
F2PEN/PEN, CI2PEN/PEN, CN2PEN/PEN, CN2PEN/F2PEN, and CN2PEN/CI2PEN.
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Notably, the diabatic state energies of S;* and T*T* were independent of the ¥ and that of S," was
independent of X. As shown in Figure I11.4 (¢), systems with strong electron-withdrawing groups
(EWGs) exhibited lower HOMO and LUMO energies. Thus, when the o, of X is larger than ¥,
the energy of the C¥ A~ state tends to be stable. For example, the CY A state (light green) is lower
in energy than S;* or T*T* states when X = CN2PEN, Y= PEN and F2PEN for d < 3.8 A, which
potentially lead to lower TT vyields. In contrast, the energy of C*A" state (green) remains
energetically high. Figure II1.6 (b) provides the d-dependence of diabatic state energies for
CN2PEN/CI2PEN. As the d increases, both C'A* and C*A” state energies became higher,
whereas S; and TT diabatic state energies remain unchanged. For d > 3.8 A, the C*A* diabatic
state energy surpasses the S; and TT diabatic states, mitigating the overstabilization of the C'A*
and improving TT yields.

In summary, the CT energies are controllable by choosing appropriate X and ¥
molecular species and the stacking distance d. The stabilization energies of CT states depend on

the difference in the substituents-inductive effect between X and Y.

140
120 3 « PEN/PEN
> 100 ' PEN2F/PEN
E : PEN2CN/PEN2CI
2 .
s, 60
: [ ]
S 40 : .
20 ¢ .
0 |
3.6 3.8 4 4.2 4.4 46 4.8 5

d[A]

Figure IIL.5. Calculation results of Vi.v,x_rr as a function of stacking distance d [A].
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Figure I11.6. Calculation results of diabatic state energies (a) of different combinations X/¥ and
(b) of CN2PEN/CI2PEN with different d [A].
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3.2. SF Dynamics simulations

Finally, SF dynamics simulations were performed by numerically solving the TCL-QME for the
constructed exciton Hamiltonian. SF dynamics simulations were conducted for the following
systems: PEN/PEN, F2PEN/PEN, CI2PEN/PEN, CN2PEN/PEN, CN2PEN/F2PEN, and
CN2PEN/CI2PEN. Figures II1.7 (a) and 7(b) present the results of total TT yield (y) and
selectivity (s) of the separated TT pair state (T;SoT}) as a function of stacking distance d [A] at ¢
= 1 ns. Note that, in general, the spin-decoherence of the TT state is about ns to us order according
to the many time-resolved EPR studies. The data at = 10 ps were presented in the Appendix I11.2.
For small d, the TT populations usually converged to a specific value ~10' ps. However, for larger
d (> 4.8 A), the TT population converged at the timescale of 1 ns, which is comparable to the
timescale of the spin-decoherence process.* Thus, we should consider the spin-decoherence
process to fully understand the SF dynamics of the systems with large d.

As shown in Figure I11.7(a), the total TT yield at d = 3.6 A was low (< 20%) for all
systems, primally due to the strong interaction between S;-CT states. With the exception of
CN2PEN/CI2PEN, whose total TT yield continued to increase in the range up to d < 5.0 A, the
TT yields of the other systems initially increased and then decreased as d increased. The range of
d where the total TT yield increased depends on the system: The total TT yield surpassed 70 % at
d=4.2-4.8 A in PEN/PEN, at d = 4.0-4.8 A in F2PEN/PEN, at d = 4.2-4.8 A in CI2PEN/PEN,
at d = 4.8 A in CN2PEN/F2PEN, and at d = 4.6-4.8 A in CN2PEN/PEN. The TT yield of
CN2PEN/PEN was low and took a local maximum (45 %) at d = 4.6 A. The reduction of TT
yield at larger d (> 4.8 A) is attributed to the small n-orbital overlap between the neighboring
molecules, leading to the slow SF rate with a time constant of > 1 ns.

As shown in Figure I11.7 (b), the selectivity for PEN/PEN (homotrimer) showed slight
d-dependence and low values (20-35 %). In contrast, the selectivity increased gradually as the d
increased from 3.6 A to 4.8 A for F2PEN/PEN and CI2PEN/PEN. Furthermore, drastic
enhancement of the selectivity was obtained for CN2PEN/Y (Y=PEN, F2PEN, CI2PEN) in
range of d = 3.8-4.4 A It was improved to >70 % at d = 4.0-4.8 A in F2PEN/PEN, at d = 3.8-
5.0 A in CIRPEN/PEN, at d =4.4-5.0 A in CN2PEN/PEN, at d = 4.2-4.8 A in CN2PEN/F2PEN,
and at d = 4.4-5.0 A in CN2PEN/CI2PEN. The optimal condition for balancing high y and high
s is supposed to be at d = 4.8 A in CI2PEN/PEN (y = 86.1 %, s =93.8 %, and y x s = 80.8 %) at
long timescale t=1ns,ord=4.2 A (y=79.6 %, s =91.9 %, and y X s = 73.2 %) at short timescale
¢t =10 ps. These cases exhibited higher selectivity of separated TT states than PEN/PEN because
of the lower T, energy of X than Y.
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Figure I11.7. (a) the total TT yield and (b) the selectivity of the separated TT state at # =1 ns.

Figure II1.8 shows the time-evolutions of the diabatic state populations for (a) PEN/PEN (y =
77.0 % and s = 22.3 %), (b) CI2PEN/PEN (v =79.6 % and s = 91.9 %), (c) CN2PEN/PEN (y =
5.0 % and s = 52.8 %), and (d) CN2PEN/CI2PEN (y = 53.2 % and s = 66.2 %) at d = 4.2 A. The
horizontal axis is given on a log scale to see the slow increase of the TT population at large. d.
From Figure IIL8 (a), the total TT population of PEN/PEN increased at ~10' ps, which consisted
of both the neighboring and distant TT contributions. The selectivity of distant TT state was lower
than that of neighboring TT in this homotrimer model. For CI2PEN/PEN [Figure IIL.8 (b)], the
total TT population increased at ~10° ps, about one-order faster than PEN/PEN. In this system,
the distant TT population was more significant than the neighboring TT population in range of
10°-10' ps. For CN2PEN/PEN [Figure IIL8 (c)], the TT population remained low whereas the
CT population became high in the time scale of 102-10" ps. This is because the C'A" state is
lower than S; and TT states as mentioned in Figure IIL.7 (a). For CN2PEN/CI2PEN [Figure
IIL.8 (d)], the TT generation occured at ~10 ps, which is about 10° times faster than that in
PEN/PEN. Although the converged value of total TT population was ~50%, high selectivity of
the distant TT was achieved. Next, we discuss the origin of faster SF in heterotrimers
CI2PEN/PEN and CN2PEN/CI2PEN than homotrimer PEN/PEN in view of the quantum

interference.

131
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Figure II1.8. Time-evolution of the diabatic population of S;, CT, and TT states for PEN/PEN,
CI2PEN/PEN, CN2PEN/PEN, and CN2PEN/CI2PEN systems with intermolecular distance d
=42 A

4. Discussion

The origin of the faster SF in heterotrimers is attributed to quantum interference effects driven by
the stabilization of CT states. As described in Chapter 1.2, we demonstrated that stabilization of
one CT configuration (CA or AC) by local structural symmetry breaking resolves the quantum
interference between the interaction paths via the CA and AC states which caused the cancellation
in S;-TT mixing in pentacene ring-shaped aggregate models. The study showed that the SF tends
to occur more rapidly when the adiabatic S;-like state includes the TT wavefunction component
or the adiabatic TT-like state includes the S;-wavefunction component. However, in some highly
symmetric aggregate structures, such as slip-stack dimers or ring-shaped aggregates, the S;-TT
mixing vanishes. As illustrated in Figure II1.9, this cancellation occurs because two effective
interaction paths between delocalized S; state (denoted as S;* state) and TT state mediated by
C*AY and CYAX state cancel each other. For simplicity, let us consider a hetero-dimer system
consisting of X and Y. By applying the second-order perturbation theory, the correlation between

the delocalized Si* and TT states is estimated by the following equation:

Vo= |5
2

, 3 < Vin cxViL — ¢yVun VhL CyViL — CXVHH) (I11.4)

Es’; —Err Es’; — Ecxpy ES*; — Err Es’; — Ecvax

Here, the Si* is expressed as the linear combination of the S¥ and SY, with expansion coefficients
p 1 1 p
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cx and cy, respectively. The first and the second terms in the right-hand-side of eq. (IIl.4)
correspond to the upper and the lower CT-mediated interaction paths between Si* and TT states
provided in Figure II1.9, respectively. For pentacene homodimer (X = ¥) with H-aggregate type
structure, inserting the relations cy = —cy = 1/v/2, Vg = Vi, and E cxay = Ecv x, the right-
hand-side of eq. (II1.4) becomes zero. The same situation can be obtained for the symmetric J-
aggregate type structure where cy = ¢y = 1/v2, Viy = —VyL, and E cxar = Ecvx. However, in
hetero dimer cases (X # Y), the energy of C*A* is more stabilized than that of C*AY. Consequently,
the second term in the right-hand-side of eq. (Il1.4) becomes larger than the first term, leading to
enhanced S;-TT mixing. The correlation between S; and TT states becomes large when the energy
gap between S, TT, and CYA* states (the denominators of the right-hand-side of eq. (I11.4)) is
small. However, if CT state energy becomes too low, as shown in the SF dynamics results of

CN2PEN/PEN, the population of the CT state increases, reducing overall TT yield.

VSI—CXAY i .

= CXVSi(_CXAY % Q %

=+ CyVSi’_CXAY e e Vi cX Y
/7 o \

Cx  Cy neighboring TT
delocalized S, (Sy") \ /
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+ cyVgy YAX
YVsY_cvaX CYA

Figure I11.9. Schematic illustration of the cancellation mechanism of the effective S;-TT mixing

between C*AY-mediate and CYA*-mediate interaction paths.

Figure I11.10(a) shows the calculation results of adiabatic state energies and percentages of the
diabatic states in CN2PEN/CI2PEN at d = 4.2 A. To see how the quantum interference affects
the energies and percentages of the diabatic states, we also evaluated these quantities by replacing
the CT state energies in the exciton Hamiltonian with the average of C'A* and C*A” state energies
(Figure IIL.10(b)) and with the C'A* state energy (Figure II1.10(c)), while other electronic
coupling parameters kept unchanged. For pristine CN2PEN/CI2PEN, considerable S;-TT
hybridization occurs in the S;-like adiabatic states with an energy of ~1.85 eV and in the TT-like
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adiabatic states with an energy of ~1.9 eV. However, the S;-TT mixing was small for the latter
cases with symmetrized coupling parameters. These results demonstrated how the stabilization of

one CT state promoted the S;-TT mixing and enhanced the rate of SF.

(a) Ecxar =3008meV (D) Ecxav =Ecvax=2511meV  (C) Ecxav =Ecvax =2014meV g g
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Figure II1.10. (a) Calculation results of adiabatic state energies and percentages of the diabatic
states in CN2PEN/CI2PEN at d=4.2 A, and results when the CT state energies are parametrically
set to (b) the average of CYA* and C*AY state energies, and (c) the C¥A* state energy. The C*AY-
like adiabatic state energies are too high in case (b) to be presented within the energy range of

1.8-2.2 eV. The adiabatic states pointed by the black arrows in (a) indicate the S;-TT mixed states.
5. Conclusion

This study presents an efficient strategy for controlling the spatiotemporal evolution of TT pairs
generated by the SF in heterotrimers, X/Y. Using TDDFT calculations for pre-screening based on
effective energy matching conditions and SF dynamics simulations based on the TCL-QME
approach combined with the exciton Hamiltonian construction at the XMC-QDPT2 level, we
identified optimal conditions for balancing high TT yield and high selectivity of the separated TT
states. Considering the quantum interference, we clarified the roles of asymmetric CT states in
enabling efficient heterofission. Two key advantages of heterofission systems were identified.

First, directional TT migration from the center to the terminal molecules was achieved
with a probability exceeding 70 %. These efficiencies correlate with the absolute value of the
Hammett’s para-substitution constant (o, |) of the substituents. Introducing halogen atoms or CN
groups with large |0y, | into pentacene lowers the S; and T, excitation energies. By choosing the
appropriate species of X and ¥, the T, energy difference can be tuned, leading to the higher
selectivity of spatially separated TT states.

Second, the asymmetric energy levels of the CT states potentially enhance TT
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generation. When the g, of the substituents is larger in X than ¥, the CYA* state is energetically
more stable than the C*AY state. Such a reduction of symmetry breaks the destructive quantum
interference between the S;-TT mixing paths mediated by CYA* and C*AY states. The
stabilization energy of CYAX states is determined by the intermolecular distance and the electron-
withdrawing ability of substituents, while the off-diagonal exciton Hamiltonian elements remain
constant. An optimal difference in g, for substituents in X and Y is necessary to enhance SF
efficiency.

We expect that the results and conclusions derived from the present model can be
extended to the cases of 2D and 3D organic frameworks consisting of different molecular species
as well as intramolecular SF for systems of covalently linked multimers in realistic situations.
Notably, the optimal region of intermolecular distance for efficient TT separation was found to be
relatively large (> 4 A) compared with the typical distances between the neighboring n-planes in
actual molecular crystals. In realistic conditions, additional factors such as the polar environment
(e.g., the crystal or solvation field), as they often significantly influence CT energy stabilization.
%9 Furthermore, it is necessary to consider the populations of high-spin states in the TT
dissociation process to establish valuable quantum spin technology strategies.” '*"'® Despite these
challenges, the present study provides a promising pathway for enhancing SF by utilizing the
heterofission process. The insights gained here are expected to contribute to the development of

advanced materials for such as quantum spin applications.

Appendix

A.1. Properties of 6.13-substituted Pentacene Derivatives

Table Al. S; and T, excitation energies, ST gaps, HOMO and LUMO energies, and HL gaps
evaluated by the (TD)DFT -calculations, and para-substitution coefficients for pentacene

derivatives, o,. Energies are given in eV.
Molecule  E(S)) E(T) ST-gap HOMO LUMO HL-gap Gp+

PEN 2.335 1.127 1.2079  -5.89 -1.56 433 0

F2PEN 2.261 1.070 1.1916  -5.95 -1.69 426 0.06
CRPEN 2220 1.035 1.1845  -6.11 -1.91 420 0.23
CN2PEN 2.067 0.935 1.1324  -6.59 -2.59 4.01 0.66
CF:2PEN 2.188 1.015 1.1728  -6.40 -2.20 420 0.54
Pr2PEN"? 2.226 1.054 1.1725 -5.73 -1.51 421 -0.13
OCH;32PEN2.212 1.041 1.1711 -5.74 -1.53 421 -0.27
Ar2PEN™? 2.259 1.085 1.1749  -5.77 -1.51 427 -0.01
Thi2PEN™ 2.235 1.065 1.1702  -5.90 -1.67 423 0.05

! The data is obtained from ref. [37]. 2 Pr2PEN: R = C;H;, Ar2PEN: R = C4Hs, Thi2PEN: R =
C4HsS.
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A.2. TT Yield and Selectivity of Separated TT Pair at 10 ps
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Figure A1. TT population and distant TT selectivity at time 10 ps.
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GENERAL CONCLUSION

This dissertation theoretically investigated the molecular aggregate structure—SF dynamics
correlations and design guidelines for SF ranging from TT generation to spatial migration
process. PART II proposed symmetry-based design guidelines by introducing pentacene ring-
shaped aggregate systems for enhancing the SF rate without reducing the yield of TT generation.
PART III investigated heterotrimer systems consisting of different pentacene derivatives to
control the spatio-temporal distribution of triplet excitons after SF. Throughout the dissertation
work, several key factors have been identified for enhancing SF and directional TT migration by
examining the molecular species, intermolecular interaction, and aggregation topology in

molecular aggregate structures.

PART II: Structure-SF Dynamics Relationships for Efficient TT generation in
Ring-Shaped Pentacene Molecular Aggregate Systems

PART II elucidated the relationships between molecular aggregate structure and SF dynamics in
the pentacene ring-shaped aggregate model and clarified a new perspective for optimizing the
aggregate structures to achieve both high TT yield and SF rate.

Chapter 1 constructed J- and H-type ring-shaped molecular aggregate systems where
the transition dipole moments of individual molecules align tangentially and perpendicularly to
the ring, respectively. The SF dynamics simulation was conducted to investigate how the
intermolecular configuration and aggregate size (V) affect the TT yield and SF rate. Quantum
master equation (QME) simulation revealed distinct behaviors for the two ring types. In the J-
type rings, the SF rate monotonically decreased while the TT yield increased with N. On the
other hand, the H-type rings showed a zig-zag pattern in the SF rate for N with larger values for
odd-N rings and exhibited a peak at N = 5. These relationships between the SF dynamics and the
intermolecular configuration in the ring-shaped models were explained from the symmetry of
exciton states and based on the RRF analysis. The parity-dependent feature of the SF rate arises
from whether the lowest adiabatic FE-like state includes the diabatic TT exciton configurations,
which are determined by the symmetry of the aggregate system.

Chapter 2 further investigated the effects of intermolecular configuration, represented
by the rotation angle (a) of each monomer and the aggregate size (N), on the SF dynamics in
pentacene ring-shaped aggregate models asymmetric for the ring-flipping operations. It is
clarified that the equivalence of two types of CT states was crucial: CA and AC states were

equivalent in the symmetric ring-shaped models, such as the J- and H-type rings, while one of
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the CT states was stabilized in lower symmetric structures. These two CT states are involved in
the virtual quantum transition process of SF from the initial S to the final TT. According to the
second-order perturbation theory, the two transition pathways via the virtual CA and AC states
in the high-symmetry structures canceled each other due to the quantum interference effects.
However, reducing the structural symmetry broke this cancellation, enhancing the SF rate
without compromising the TT yield.

The acceleration mechanism presented in these studies is expected to apply to
pentacene rings and a wide range of aggregate systems. The present results highlight the
effectiveness of symmetry-based design guidelines of molecular aggregate structures for
enhancing SF rate without reducing the TT yield. They also contribute to a deeper
understanding of the SF mechanisms and the construction of novel SF materials on a

mesoscopic scale.

PART III: Molecular Aggregate Structure — SF Dynamics Relationships for
Directional TT Migration

PART III established design guidelines balancing the efficient SF and directional triplet
migrations. The author focused on the SF dynamics in symmetric heterotrimer models
consisting of unsubstituted and 6,13-substituted molecules and considered several combinations
of molecular species and different intermolecular relative configurations. Placing suitable triplet
acceptors at the terminals, the excitons migrated efficiently to the terminals after the
heterofission. The triplet excitation energy of pentacene derivatives correlated with the para-
substituent constant of the substituent groups, and pentacenes with strong inductive substituents
showed lower triplet energies. However, a combination of pentacenes with strong and weak
electron-withdrawing groups resulted in a larger energy gap between the frontier orbitals. As a
result, a lower TT yield was obtained due to the overstabilization of the CT energy during the
heterofission. Consequently, an optimal range exists for the inductive effects of substituents for
the combination of the central and terminal pentacenes. By optimizing the substituent species
and the intermolecular distance, it was demonstrated that both the high TT yield and directional
TT migrations from the center to the terminal were achieved, with their probabilities exceeding
80 and 70 %, respectively. Moreover, as described in Chapter 11.2, asymmetric energy levels of
CT states also contributed to enhancing the TT generation due to the breakdown of quantum
interference between the Si-TT interaction paths via the CA and AC states. The insights gained
in Chapter III are expected to contribute to developing design guidelines and functionalities

utilizing heterofission for controlling the spatial distribution of TT pairs.
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In summary, this dissertation theoretically identified several key factors determining the SF
dynamics, from the generation to the migration processes of TT, and established design
strategies based on the molecular aggregate structures as novel descriptors for efficient SF. This
dissertation work will significantly contribute to further development in the wide-ranging

application study of SF, such as organic solar cells and quantum spin information technologies.

141



142



FUTURE PROSPECTS

This dissertation has explored many molecular aggregate systems to elucidate the mechanism of
efficient SF and establish directional control strategies for triplet exciton pair migrations. While this
dissertation has successfully clarified part of the mechanisms and proposed novel design strategies,
unexplored aspects remain, and a frontier for advancing theoretical SF design remains. These topics

are outlined below as prospects.

Design of SF Materials Involving Spin Decoherence Process

We have discussed the SF dynamics and design guidelines considering the spatial separation of the TT
pair. However, for the application targeting the quantum spin information technologies, such as the
sensing techniques based on dynamic nuclear polarization (DNP), it is essential to address not only
the total singlet TT state '(TT) but also the high spin states like *(TT) and >(TT). Thus developing
design principles for molecules and molecular aggregates that can enhance the spin entanglement
decoherence timescale.

Several kinds of research on the spin decoherence mechanism after SF have been pursued
in recent years, including simulations of the intramolecular SF dimer' or ring-shaped aggregate
models.> However, the relaxation rates employed in these studies are phenomenological parameters,
and the structure-property relationships from a molecular-level perspective remain unresolved. For
practical implementation of the spin decoherence process for obtaining microscopic physical insights,
the spin-spin and spin-phonon interactions must be modelled, and the dynamics simulation must be
examined under the consideration of both the spatial TT migration and spin relaxation processes. The
spin relaxation process occurs with a timescale ranging from few nanoseconds to microseconds
because it involves transitions between the states with different spin multiplicities. However, in
realistic systems, various conformational fluctuations and inter-state transitions occur on similar

timescales, such as molecular rotation,’

potentially influence the spin relaxation dynamics.
Development of the methodologies in theoretical chemistry that can address the spin-phonon vibronic
coupling accurately will pave the way for the novel SF material designs for applications in quantum

spin information science, sensing, and other advanced functionalities.

SF dynamics and Triplet Migration in Larger Aggregate Structure

In PART 111, we considered the SF dynamics and TT dissociation process in trimer systems. However,

in more realistic systems, the dynamics in larger two- or three-dimensional crystals arouse our
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curiosity from the viewpoint of application to organic solar cells. However, it is challenging to execute
the quantum master equation simulation for such high-dimensional systems due to the high
computational costs. To understand such quantum dynamical behaviors at the mesoscopic scale, the
Monte Carlo wavefunction approach* offers a feasible method to simulate the SF dynamics in larger
clusters at an affordable computational cost. For macroscale dynamics, the continuum approximation
or drift-diffusion approximation can be useful to model the exciton distribution in macroscopic device
structures. Connecting the microscopic structure of molecular aggregate systems to these meso- and
macroscopic perspectives will help establish comprehensive design guidelines for organic solar cells

and quantum devices.
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